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ABSTRACT

Nearby, young stars are the ideal targets for investigations of stellar and protoplanetary disk
evolution, so as to understand the processes involved in planet formation and evolution, as well
as the origins of our Solar System. High energy radiation (X-ray and FUV) from the central
star significantly alters the structure, chemistry, and ionization of planet-forming circumstellar
disks. In this dissertation, I present observations of young stars and star-disk systems to better
understand the connection between stellar high energy radiation and the evolution of circumstellar
environments, and to further develop methods to exploit the signatures of youth, as well as methods
to identify nearby, young stars.
Our unbiased radio spectroscopic survey with the Institute de Radioastronomie Millimétrique
(IRAM) 30 meter telescope reveals the chemical richness of the circumstellar disk orbiting the ∼2–5
Myr-old, actively accreting solar analog LkCa 15. We find that high-energy (FUV and/or X-ray)
radiation from the central star, a known X-ray-luminous source, may be enhancing the abundances
of CN and C2 H within the disk. To ascertain the evolutionary status of the erratically variable
star RZ Piscium (RZ Psc), we obtained observations of RZ Psc with the European Space Agency’s
X-ray Multi-Mirror Mission (XMM-Newton), as well as high-resolution optical spectroscopy with
the Hamilton Echelle on the Lick Shane 3 m telescope and with HIRES on the Keck I 10 m telescope.
These data provide strong support for the young-star status of RZ Psc, as well as evidence for the
presence of a significant mass of circumstellar gas, suggesting the recent destruction of one or more
young exoplanets within 1 au of the star. It is evident from our Chandra X-ray Observatory survey of
very cool members of the ∼8 Myr-old TW Hydra Association (TWA) that X-ray luminosity relative
to bolometric luminosity (LX /Lbol ) decreases with decreasing effective temperature (Tef f ). The
fraction of TWA stars that display evidence for residual primordial disk material sharply increases
in this same (mid-M) spectral type regime, suggesting that disk survival times may be longer for
ultra-low-mass stars and brown dwarfs than for higher-mass M stars. Finally, we use parallax data
available in Gaia Data Release 1 (DR1) to estimate the distances and ages of a sample of candidate
young stars identified by the Galex Nearby Young Star Survey (GALNYSS). The youth of these
stars is confirmed by their relative positions, compared to main sequence stars and giant stars, in
Gaia-based color-magnitude and color-color diagrams produced for all Galex and WISE-detected
stars with parallax measurements available in Gaia DR1.
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for the HIRES setup used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
Keck HIRES and Lick Hamilton spectra of RZ Psc showing the Na D doublet complex. Normalization and vertical shifting of spectra is performed as described in
the caption to Figure 3.2. Wavelengths in this figure are plotted in vacuum. The
wavelength scale for each spectrum is shifted to match the November 16 2013 epoch
for clarity. In each Hamilton spectrum Na D telluric emission from nearby San Jose,
CA is removed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
Cross-correlation spectra between Lick Hamilton observations of RZ Psc and radial
velocity standard stars chosen from Nidever et al. (2002). Heliocentric velocity corrections have not been applied to any of the spectra. Wavelengths between 4800 and
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(NUV = GALEX 2267 Å, W1 = WISE 3.4 µm) and abscissa is J-W2 color (J =
2MASS 1.2 µm, W2 = WISE 4.6 µm). The box indicates the color selection criteria
for GALNYSS. This figure was adopted from Rodriguez et al. (2013). . . . . . . . . 172
The distribution of photometrically estimated spectral types for all 2,031 GALNYSS
candidates. The sample peaks sharply in the M3–M5 range – nearly 50% of the
sample, which is consistent with M dwarf studies of the solar neighborhood. This
figure was adopted from Rodriguez et al. (2013). . . . . . . . . . . . . . . . . . . . . 173

xvi

LIST OF FIGURES

5.3

5.4

5.5

5.6

6.1
6.2

Color-magnitude diagram (CMD) of absolute G vs. J–W 1 for WISE- and Galexdetected objects in the Gaia TGAS catalog, plotted in the form of a density image
(see color bar for density to color mapping), with the positions of the 19 sample
stars indicated as filled red circles. In the top panel, the stellar main sequence (MS)
appears as a well-defined locus of high density extending diagonally down and to
the right from G∼0 to G∼9; the horizontal and giant branches are also apparent
above the lower MS, extending diagonally upwards from J–W1∼0.5 to J–W1∼1.5 at
absolute G magnitudes < 4. The CMD in the bottom panel displays a zoomed-in
version of the CMD in the top panel that is centered on the lower MS. This figure
was adopted from Kastner et al. (2017). . . . . . . . . . . . . . . . . . . . . . . . . .
Color-magnitude diagram (CMD) of absolute G versus NUV–G for all Galex-detected
objects in the Gaia TGAS catalog, rendered as in Figure reffig:CMDabsGJW1, with
the positions of the 19 sample stars indicated as filled red circles. The loci of MS
stars and giants are again well-defined. The CMD in the bottom panel displays a
zoomed-in version of the CMD in the top panel that is centered on the lower MS.
This figure was adopted from Kastner et al. (2017). . . . . . . . . . . . . . . . . . . .
Color-color diagram of NUV–G versus J–W1 for all WISE- and Galex-detected objects in the Gaia TGAS catalog, rendered as in Figures 5.3 and 5.4, with the positions
of the 19 sample stars indicated as filled red circles. This figure was adopted from
Kastner et al. (2017). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Absolute KS vs. G–KS color-magnitude diagram (CMD) for members of four wellestablished NYMGs (based on membership lists in Torres et al., 2008, where symbols
for specific NYMG members are as indicated in legend) and the stars we focused on
(red squares). Dashed lines in the top and bottom panels, respectively, are pre-main
sequence isochrones obtained from models presented in Tognelli et al. (2011) and
Baraffe et al. (2015), with colors as indicated in legend. The synthetic G magnitudes used in these isochrones were computed from the model atmosphere V and
I magnitudes using the Gaia pre-launch relations presented in Jordi et al. (2010).
The spectral type sequence indicated along the top of each frame is derived from the
model atmosphere Tef f values. This figure was adopted from Kastner et al. (2017). .

177

178

179

182

Coronal model (top), accretion model (middle), and observation (bottom) of TW
Hya. This figure adopted from Brickhouse et al. (2010). . . . . . . . . . . . . . . . . 194
Keck/NIRC2 L’ image of HR 8799 from 2012 data. HR 8799 bcde are all easily
identifiable. This figure was adopted from Currie et al. (2014). . . . . . . . . . . . . 195

xvii

LIST OF FIGURES

6.3

Log of the ratio of X-ray to bolometric luminosity for TWA M-type stars, plotted as
a function of spectral subclass. Magenta, red, and green symbols indicate ROSAT,
XMM, and Chandra observations, respectively. Filled and open circles represent
stars with and without warm circumstellar dust, i.e., with and without detectable
mid-IR excesses; an “X” indicates the IR excess status of the star is unknown. The
solid line indicates the dependence of log(LX /Lbol ) on spectral type, and dashed
lines indicate the 1σ scatter in log(LX /Lbol ), as determined by Güdel et al. (2007)
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CHAPTER

1
INTRODUCTION

1.1

Star and Planet Formation

The birth of stars and stellar systems in neighboring star formation regions helps us to understand the formation and evolution of our own Solar System. Stars form inside dense concentrations
of interstellar gas and dust known as giant molecular clouds. These regions are extremely cold (T
∼10–20 K) and are made up of mostly molecular hydrogen (see Bergin & Tafalla, 2007, for a thorough review of molecular clouds). These massive molecular clouds (>104 solar masses) are highly
clumpy, and star formation begins when the denser, cores of these molecular cloud clumps (starforming cores) collapse under their own gravity. When the molecular cloud collapses, it breaks into
smaller and smaller fragments in a hierarchial manner (down to ∼0.1 pc), until the fragments reach
stellar mass. This entire process takes approximately 3–5 million years (e.g., Ballesteros-Paredes
et al., 2012, and references therein), although this timescale is still under debate (see discussion in
Bergin & Tafalla, 2007).
In each of these stellar mass fragments (or cores), as the gas collapses it radiates away the energy gained by the conversion of gravitational potential energy (see e.g., Prialnik, 2000; McKee &
Ostriker, 2007). As cores contract, they increase in density and temperature and become optically
1

Chapter 1. Introduction
thick to their own photons (Larson, 2003), which causes the fragments to condense into rotating
spheres that will form stellar cores. During this time, the material from the cloud, a circumstellar
envelope, accretes onto the core, eventually forming a protostar and circumstellar disk. The molecular cloud has an initial angular momentum, which gets transferred to the resulting stars and disks
when they form, such that the disks are a consequence of conservation of angular momentum during
the formation of a star through gravitational collaspe. A circumstellar disk serves as a reservoir of
material for the forming star, but as less material in the molecular cloud is available for feeding
the star, the rate of accretion decreases and the rest of the material is left as a disk orbiting the
protostar. This disk, made of dust and gas, extends for tens to hundreds of astronomical units
around the protostar (Simon et al., 2000). At first, the protostar has only about 1% of its final
mass, but the envelope of the star continues to grow as infalling material from the molecular cloud
and circumstellar disk is accreted. Eventually, the density and temperature are high enough such
that deuterium fusion begins in the core, and the outward pressure of the resultant radiation slows
the collapse. When the surrounding gas and dust envelope disperses and accretion process stops,
the star is considered a pre-main sequence star.
T Tauri stars are low-mass (0.08M∗ ≤ M∗ ≤ 2.0M∗ ), pre-main sequence stars (Edwards et al.,
1994; Ardila et al., 2013). T Tauri stars are subdivided into classical T Tauri stars (cTTSs) and
weak-lined T Tauri stars (wTTSs), based on the strength of their Hα emission, which serves as a
proxy for their stage of evolution as star–disc systems. CTTSs exhibit infrared excess, characteristic
of an optically thick circumstellar disk, and excess UV and optical emission, due to the accretion
of disk material via magnetospheric accretion processes (exhibited by Hα emission; Koenigl, 1991;
Shu et al., 1994). As the circumstellar disk dissipates (via processes such as photoevaporation,
planet formation, and/or viscous evolution; e.g., Lubow & D’Angelo, 2006; Ciesla, 2007; Gorti
& Hollenbach, 2009; Zhu et al., 2011), the accretion process slows, and the pre-MS star enters
the wTTS (defined by weak Hα emission) phase of evolution. Protostars are further classified
based upon their spectral energy distributions (SEDs); this is an infrared-based classification that
was initially identified by Lada & Wilking (1984) and is believed to represent an evolutionary
2
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progression (Williams & Cieza, 2011). This classification scheme is based upon the slope of the
SED between 2 and 25 µm (see Figure 1.1, which summarizes the definitions for each class, including
corresponding physical properties, evolutionary stage, and other observational characteristics). The
parallel accretion-based classification that also exists for pre-MS stars, classical and weak-lined T
Tauri stars, corresponds closely to Class II and III YSOs, respectively.

1.2

Physical and Chemical Processes in Irradiated Circumstellar
Environments

The collapse of a cold molecular cloud of several solar masses leads to the formation of a dense,
rotating flattened disk around a protostar, a consequence of angular momentum conservation. This
circumstellar disk, which is made of dust and gas, may extend for tens to hundreds of astronomical
units in radius around the newly born pre-main sequence star (Simon et al., 2000). These socalled primordial or protoplanetary disks generally persist for several million years (∼0.3–10 Myr;
Mamajek, 2009, see Figure 1.2). During this time, small (submicron) grains grow into larger (mmsized) grains via agglomeration, with surface ices as catalysts for growth. Collisions between grains
can aid further in growth, but can also cause grain fragmentation. Grain growth continues via
collisions in which solid particles are further assembled into planetestimals, and eventually planets,
asteroids, and comets (see Williams & Cieza, 2011). During the lifetime of the protoplanetary disk,
global and local variations in physical conditions (temperature, density, ionization rates) result in
radiation from the disk over a broad range of wavelengths, from the infrared through the radio, and
produce a rich chemistry that proceeds in both the gas phase and on the surfaces of dust grains
(Williams & Cieza, 2011). This active chemistry produces simple molecules in the gas phase and
complex polyatomic species (complex organic molecules) on the surfaces of dust grains. Many of the
chemical properties and architecture of the Solar System were set during this protoplanetary disk
phase and these initial conditions can be inferred from present day properties (Kusaka et al., 1970;
Weidenschilling, 1977). By studying protoplanetary disks at many wavelengths, we can determine
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the basic properties of disks and disk evolution, and in this way, we can begin to understand the
first steps toward exoplanet formation and learn about the origins of the solar system. A general
pictogram of a protoplanetary disk is presented in Figure 1.3, along with a general scheme of the
disk structure in Figure 1.4 – both of which are based on observational results and theoretical
predictions. Figure 1.5 represents the output of a state of the art model of a protoplanetary disk,
where the disk structure (density and temperature) has been calculated for a T Tauri star of solar
mass (Dutrey et al., 2014).
Viscous evolution of the disk gas, driven by angular momentum transport, leads to an inward
transportation of the bulk of disk matter, while a small fraction of the disk gas carries angular
momentum outward (Hartmann et al., 1998; Hueso & Guillot, 2005). This produces a steadystate power-law surface density profile that is roughly described by Σ(r) ∝ r3/2 (where Σ(r) is
the surface density of the disk gas with respect to radius, r; Hayashi, 1981), and the gas density
drops exponentially in the vertical direction. Disks are mostly heated by stellar radiation (with the
exception of the very inner disk, which is mechanically heated by accretion), which is dominated
(in terms of luminosity) by optical/IR photons but includes important UV and X-ray components,
along with the interstellar UV field and cosmic rays.
Both the gas and the dust in disks also have vertical and radial temperature gradients, with
the average temperature in disks decreasing outwards, and in general, increasing from midplane
to disk atmosphere (Guilloteau & Dutrey, 1998; Piétu et al., 2007). The heating of the upper
layers by stellar radiation results in a flared disk structure (Kenyon & Hartmann, 1987). The
disk atmosphere has a low density, which results in a higher gas temperature compared to the
dust temperature (Chiang & Goldreich, 1997). Near the central star, the high-energy irradiation
causes the gas temperature in the atmosphere to rise to such high values (T ∼1000–5000 K) that
particle kinetic velocities exceed the local escape velocity and the gas begins to evaporate. Below
the atmosphere, the disk density increases and the gas and dust temperatures reach an equilibrium
value.
As grains grow in the disk, they rapidly settle towards the disk midplane, which affects the
4
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vertical temperature gradient and allows the midplane to cool further. This settling mechanism
may have an impact on the location and size of the freeze-out zones of molecules (the location
where molecules can condense onto grains;

Bergin & Tafalla, 2007). Consequently, disks are

divided into chemically-distinct regions: the warm “inner zone” (observable only at infrared and
optical wavelengths) and the outer disk region (observable in the radio regime; Dutrey et al., 2014).
This outer disk region is further divided vertically into three different chemical zones: (1) the
upper disk layer, (2) the warm intermediate molecular layer, and (3) the cold, dense disk midplane
(Dutrey et al., 2014). Hence, protoplanetary disks are very interesting and highly complex scientific
targets, due to the strong density and temperature gradients over relatively short spatial scales,
which causes the chemical conditions and excitation conditions to change rapidly with radius and
height.
Protoplanetary disks are inherently chemically rich regions and the key reactions for disk chemistry are summarized in Figure 1.6. The current astrochemical databases available include hundreds
of species, which are involved in thousands of gas-phase, gas-grain, and surface reactions (Vasyunin
et al., 2008; Wakelam et al., 2006; Woodall et al., 2007; Smith et al., 2004; Le Petit et al., 2006;
Tielens & Hagen, 1982; Hasegawa et al., 1992; Garrod & Herbst, 2006). Since chemically-distinct
regions exist in protoplanetary disks, different chemical processes dominate in these different regions. In the inner disk zone, three-body gas-phase reactions dominate at high densities (Aikawa &
Herbst, 1999), while all other reactions are two-body processes. In the outer disk region, where low
+
temperatures exist, ion-molecule reactions dominate the chemistry (e.g., H+
3 + CO → HCO + H2 ;

Dalgarno & Black, 1976). Other competitive reactions in disks in low temperature regions include
some neutral-neutral reactions between radicals and radicals, radicals and open-shell atoms, and
radicals and unsaturated molecules (e.g., CH3 + O → H2 CO + H; Woodall et al., 2007; Smith et al.,
2004). The production of smaller neutral molecules in disks is caused by the rapid neutralization
of polyatomic molecular ions by dissociative recombination with electrons and negative ions, which
is an important formation pathway for many of the observed molecules in disks (i.e., HCO+ + e−
→ CO + H; Woodall et al., 2007).
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There is an observed overabundance of deuterated species in disks compared to the measured
interstellar D/H ratio of ∼10−5 (Semenov et al., 2010). Deuterium enrichment is a key process at
low temperatures (via the mass-dependent fractionation reaction: H3 + + HD ↔ H2 D+ + H2 +
232 K, where the reactive H2 D+ ion acts in a manner similar to H3 + and donates D to neutral
radicals via a protonation reaction; Gerlich et al., 2002). An example of this type of reaction is
the predominant pathway to produce DCO+ (which forms from the ion-molecule reaction of CO
with H2 D+ ).
In the very cold regions of disks, species can condense out in the form of dust grain ice mantles.
The efficiency of this process (called “freeze-out”) is dependent upon the grain sizes and concentrations; it is an effective process in the outer disk midplane, where grains do not grow too large (∼1
µm). Some of the species stick to grains by the weak van der Waals forces, whereas some can form
a much stronger chemical bond with the surface. Consequently, desorption of chemisorbed (adsorption which involves a chemical reaction between the surface and the adsorbate) species requires
a higher temperature/UV irradiation than that of the physiorbed (adsorption in which the forces
involved are intermolecular rather than chemical) molecules, and thus, limited surface chemistry
occurs, even in the presence of harsh conditions. The surfaces of dust grains also serve as catalysts
for many reactions that have slow gas-phase rates. Reactions may occur when an atom or light
radical that has been accreted onto the surface of the grain, if not chemisorbed or desorbed back
into the gas, hops over the surface sites and finds a radical. The frozen species can be released
back to the gas by thermal evaporation, cosmic ray heating, and UV desorption. At low temperatures, surface hydrogenation of radicals is an important mechanism of formation, which creates
saturated products such as water, methane, ammonia, and methanol (Tielens & Hagen, 1982). At
higher temperatures, heavier reactants (such as O, C, OH, HCO, etc.) become mobile, and complex
molecules may be produced. This is the only viable route to form organic matter in protoplanetary
disks from our current understanding of disk chemistry.
Cosmic rays, X-rays, and UV photons are important to disk chemistry because they bring
in additional energy for the reacting gas species in the form of fast electrons from photoionization
6
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events, thereby dissociating and ionizing species, and destroying molecular bonds. The UV radiation
drives an active disk chemistry via the ions and radicals it creates, which increases the chemical
complexity of the disk. For example, the high ratio of CN to HCN abundances observed in disks
may be due to photodissociation of HCN by stellar UV Lyα photons (Bergin et al., 2003), although
there is now evidence that this may not be the main formation route for CN in disks (see e.g.,
Hily-Blant et al., 2017). The key photodissociation reaction in protoplanetary disks is that for
the CO molecule, which otherwise locks up almost all of the elemental carbon, preventing C from
participating in disk chemistry. H2 and CO molecules are dissociated by the absorption of FUV
photons at discrete wavelengths, so self-shielding and isotope-selective photodissociation effects
are possible. These two molecules are so abundant in disks that dissociating FUV lines saturate,
shielding the rest of the molecules from destruction (Draine & Bertoldi, 1996; Lee et al., 1996).
The rare, less abundant isotopologues of CO absorb FUV photons at wavelengths that are shifted
relative to the FUV photons that

12 C16 O

absorbs, which makes self-shielding unimportant, and

enriches the gas with rare C- and O-isotopes (Thiemens & Heidenreich, 1983). X-ray ionization
will induce complex molecular-ion and radical chemical reactions (e.g., Aikawa & Herbst, 1999;
Semenov et al., 2004). The abundances of CN, HCO+ , and C2 H may be good tracers of X-ray
photoionization effects (Kastner et al., 2014). X-ray ionization may also lead to the evaporation of
ice and enhanced abundance of gaseous molecules (such as methanol), as well as warming of the
outer layers of the disk.
The likely importance of pre-main sequence UV and X-ray radiation as potential drivers of the
processing of planet-forming gas and dust in disks, via the effects of radiation and disk gas heating
and chemistry has only recently begun to be recognized (e.g., Glassgold et al., 1997, 2004, 2009,
2012; Stäuber et al., 2005; Gorti & Hollenbach, 2009; Meijerink et al., 2008; Ercolano et al., 2008,
2009; Drake et al., 2009; Gorti et al., 2009, 2011; Owen et al., 2010, 2011, 2012; Walsh et al., 2012;
Aresu et al., 2012; Cleeves et al., 2013). Originally driven by theory, there has been an increasing
focus on submillimeter observations of potential molecular tracers of disk irradiation by UV and
X-ray radiation to evaluate and inform the foregoing models (e.g., Kastner et al., 2008b; Qi et al.,
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2008; Henning et al., 2010; Salter et al., 2011; Öberg et al., 2011; Chapillon et al., 2012b).
The main dispersal mechanisms of disks are viscous evolution and photoevaporation (see e.g.,
Hollenbach et al., 2000; Armitage, 2011; Clarke, 2011; Alexander et al., 2014) and to some extent,
planet formation. Thus, viscous accretion and photoevaporation work together to disperse the
disk over time (Clarke, 2011). At late evolutionary stages, a great deal of mass in protoplanetary
disks may be lost from the surface of the disk due to heating (photoevaporation) from high-energy
radiation from the central star. Photoevaporation is the result of the heating of gas by high
energy photons (UV and X-rays), which drives thermal winds. Viscous accretion spreads out
disk mass, causing accretion onto the central star; this is primarily responsible for removing the
innermost (r < 1 AU) material in the disk. Photoevaporation drives mass loss flows; this is primarily
responsible for removing the outer (r >1AU) disk material (although this process likely competes
with clearing by protoplanets; e.g., Chiang & Youdin, 2010; Chiang & Laughlin, 2013; Hansen
& Murray, 2013).. Thus, the timescale for disk dispersal depends on the major driving forces –
photoevaporation and disk viscosity. Disk dispersal times derived from theoretical models generally
agree with observationally estimated disk lifetimes (<10 Myr; e.g., Alexander et al., 2006a,b; Owen
et al., 2010, 2012; Gorti et al., 2009).
At early evolutionary stages, high energy stellar radiation also likely drives and regulates the
heating and chemistry of the upper atmosphere of exoplanets. This may be crucial in defining and
interpreting biosignature gases (gases that may be signatures of life; Seager et al., 2013a,b). On
the other hand, radiation-induced photochemical reactions can produce a buildup of biosignature
gases at concentrations that might be considered indicators of biological activity, producing false
positives (Tian et al., 2014; Domagal-Goldman et al., 2014; Wordsworth & Pierrehumbert, 2014;
Harman et al., 2015). X-ray heating of planetary atmospheres can enhance evaporation and atmospheric escape (Lammer et al., 2003; Yelle, 2004; Tian et al., 2005; Murray-Clay et al., 2009), thus
impacting the longevity and stability of the atmosphere (Scalo et al., 2007; Owen & Jackson, 2012).
In addition, the development of an ionosphere (by EUV radiation) will influence the interaction
(and associated atmospheric escape) of the planetary magnetosphere with the stellar wind (e.g.,
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Cohen et al., 2014). For example, FUV photons are able to dissociate molecules, both heating the
atmosphere and directly modifying its composition; this affects many molecules common in planetary atmospheres, including O2 , H2 O, CO2 , and CH4 . Additionally, if the amount of FUV-induced
photodissociation is sufficiently large, the atmosphere can be pushed out of thermochemical equilibrium (see, e.g., Moses, 2014; Miguel & Kaltenegger, 2014; Hu & Seager, 2014). This effect has been
observed in the cases of the hot Jupiters HD 209458b, HD 189733b, and WASP-12b (Vidal-Madjar
et al., 2003; Linsky et al., 2010; Lecavelier Des Etangs et al., 2010; Fossati et al., 2010a,b, 2013),
and the hot Neptune GJ 436b (Kulow et al., 2014; Ehrenreich et al., 2015). It should be noted
that, although seemingly damaging, the atmospheric effects caused by high energy radiation might
also influence the emergence and evolution of life. Paradoxically, UV radiation can both damage
(Voet et al., 1963; Matsunaga et al., 1991; Tevini, 1994; Kerwin & Remmele, 2007) and aid in
synthesizing (Senanayake & Idriss, 2006; Barks et al., 2010; Ritson & D Sutherland, 2012; H Patel
et al., 2015) many molecules critical to the function of life on Earth. Thus, the effects of stellar
irradiation on planetary atmospheres warrants the comprehensive spectroscopic characterization of
low-mass stars at short wavelengths.

1.3

Nearby, Young Moving Groups

Nearby (<100 pc), young (<100 Myr) stellar associations — loose associations of stars, otherwise
known as nearby young moving groups (NYMGs) are the ideal targets for investigations of pre-main
sequence stellar evolution, evolved protoplanetary disks, and young exoplanets. The identification
of the late-type, emission-line field star TW Hydrae (TW Hya; Rucinski & Krautter, 1983) has
motivated the identification and investigation of individual stars and their host NYMGs (via their
X-ray luminosities, Li absorption lines, and/or mid-infrared excesses; Kastner, 2016).
The ages of young stellar associations can be more accurately determined than those of single
stars (see e.g., Zuckerman & Song, 2004; Torres et al., 2008); by assuming all the stars in the
association are born at around the same time, the age of the association can then be determined
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by combining information on the ages of the individual stars in the association. The stars of each
association have theoretically formed at the same time, from the same molecular cloud, and are
identified by their similar galactic positions and space velocities (Zuckerman & Song, 2004), hence
traceback analyses of member stars of NYMGs can be used to define the kinematic history of these
stars back to the place of their births. The youngest and closest known associations are: the TW
Hya association (TWA; 7–13 Myr; de la Reza et al., 1989; Kastner et al., 1997; Zuckerman & Song,
2004; Weinberger et al., 2013), β Pictoris (β PMG; 21–27 Myr; Zuckerman et al., 2001a; Malo
et al., 2014; Binks & Jeffries, 2014), Tucana-Horologium (THA; 41–49 Myr; Zuckerman & Webb,
2000; Zuckerman et al., 2001b; Kraus et al., 2014), Carina (CAR; 38–56 Myr; Torres et al., 2008),
Columba (COL; 38–48 Myr; Torres et al., 2008), Argus (ARG; 61–88 Myr; Makarov & Urban, 2000),
and AB Doradus (AB-DMG; 130–200 Myr; Zuckerman et al., 2004; Luhman et al., 2005; Barenfeld
et al., 2013). The forthcoming Gaia data releases should not only enable the identification of new
members of these associations, but will potentially lead to the discovery of new NYMGs altogether.
It has been established that the thermal infrared excess from dust around a small subset of
NYMG stars, like TW Hya, is accompanied by the presence of orbiting molecular gas (e.g., Zuckerman et al., 1995), which suggests that these rare objects are the sites of the advanced stages of
planet formation. Hence, NYMG members are the best targets to directly image young gas giant
planets; the use of extreme adaptive optics on large infrared telescopes (GPI and SPHERE) allows
this because young gas giants are self-luminous in the infrared. Direct imaging of nearby, young
stars represents the only means that will be available in the near future to detect and perform
follow-up measurements of exoplanets in wide (>5 AU) orbits around their host stars (see, e.g.,
Chauvin, 2016). The unique potential to yield direct imaging detections of massive exoplanets
oribiting NYMG members (specifically those with dusty debris disks) has been demonstrated by a
few studies already (e.g., β Pic b, 51 Eri b; Bonnefoy et al., 2014; Macintosh et al., 2015, respectively). We appear to be at the beginning of a new era, where we can expect to make many direct
imaging discoveries of planets orbiting stars that are members of NYMGs.
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1.4

Stellar X-rays

Multiwavelength properties of pre-main sequence stars indicate they are highly magnetically
active (surface averaged magnetic field strengths up to a few kG; Johns-Krull, 2007; Bouvier et al.,
2007; Feigelson & Montmerle, 1999). Stars have geometrically complex multipolar magnetic fields,
which result in magnetic loops rooted in the stellar photosphere and extending into the corona. Due
to the rotation of the star and gas convection, magnetic fields can become twisted and tangled into
configurations that are not energetically favorable. These field lines try to resist these configurations
because during this process they are building up magnetic energy (see Benz & Güdel, 2010),
resulting in explosive magnetic reconnection. Magnetic reconnection reconfigures the magnetic
field lines into a lower energy state configuration. This releases energy to the environment, and
thus, limits the energy density and the geometric complexity of the magnetic field. This process,
which occurs in highly conducting plasmas, rearranges the magnetic topology, converts magnetic
energy to kinetic energy and thermal energy, and accelerates particles. These particles impact the
surface of the star, which immediately heats the gas; this super heated gas flows upwards to fill
the coronal loops with X-ray emitting plasma, releasing energy and cooling the plasma. Young
star X-ray emission, much of which is coronal in origin, serves as a proxy for the strength of the
magnetic dynamo (Gregory et al., 2016). Pre-main sequence stars are much more X-ray luminous
and have higher coronal plasma temperatures than the present day Sun (log(LX (erg s−1 )) ≈ 26.4–
27.7 at solar minimum and maximum, respectively, and coronal temperature ∼2 MK; Peres et al.,
2000), having X-ray luminosities of log(LX (erg s−1 )) ≈ 28–32 and average coronal temperature of
∼30 MK (Walter & Kuhi, 1981; Feigelson et al., 2005). For young stars, it has been shown that
X-ray luminosity increases with stellar mass and decreases with age (e.g., Feigelson et al., 2005;
Preibisch & Feigelson, 2005). X-ray luminosity is correlated with rotation (e.g., Pallavicini et al.,
1981; Pizzolato et al., 2003), decreasing as stars spin down due to the loss of angular momentum
through magnetized winds. Young, rapidily rotating stars reach a maximum X-ray luminosity, a
saturation level of LX /Lbol ≈ 10−3 (where Lbol is the star’s bolometric luminosity Vilhu, 1984; Vilhu
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& Walter, 1987).
Magnetic fields are responsible for important phenomena, such as X-ray emission from magnetically confined coronae, the truncation of circumstellar disks (several stellar radii from the star),
and magnetospheric accretion. In general, X-ray emission is generated in extremely hot, circumstellar plasmas, which can be produced by a number of processes in star-disk systems (e.g., coronal
activity, accretion onto the central star, magnetic reconnection between star and disk). X-ray
spectra serve as a diagnostic of the physical conditions and chemical composition of the emitting
plasma (e.g., Güdel & Telleschi, 2007), and hence present the most effective means to investigate
the physics of the hot magnetically confined plasma of these stars. Spectroscopic observations of
these plasmas can probe the physical conditions of the gas by deriving parameters such as electron
density, thermal structure, and relative elemental abundances.
The majority of young star X-ray emission is produced in hot magnetically confined coronae,
with temperatures of up to 50 MK (Preibisch & Feigelson, 2005; Güdel & Telleschi, 2007). X-ray
emission from stars can also be produced from large stellar flares (e.g., Getman et al., 2008a,b),
X-ray jets (e.g., Güdel et al., 2008), and accretion shocks, where material from the circumstellar
disk impacts the stellar surface at supersonic speeds (e.g., Argiroffi et al., 2011). The strong X-ray
emission from young stellar objects indicates that energetic magnetic activity plays an important
role in star formation and the evolution of circumstellar disks. Magnetic activity can be effectively
probed via X-rays since magnetic reconnection events have the ability to heat plasma to very high
temperatures (>106 K), where the magnetic reconnection may be confined to the corona of the
star (Preibisch & Feigelson, 2005) or may trace star-disk interactions (Kastner et al., 2006). Bright
X-ray flares observed in young stars are thought to be a result of large magnetic loop structures
that extend to distances large enough to interact with disks. Magnetic field measurements for T
Tauri stars support the notion that accretion flow from the inner disk onto the star is magnetically
controlled (i.e., material from the disk accretes onto the star via the magnetic field lines that thread
the disk; Favata et al., 2005). A universal relationship between magnetic fields (the total unsigned
magnetic flux) and X-ray output (the X-ray spectral radiance) has been shown to exist, where
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the relationship between magnetic flux and energy radiated in X-rays is approximately linear over
many orders of magnitude (see Figure 1.8; Pevtsov et al., 2003; Vidotto et al., 2014).
Magnetospheric accretion, an important process for star-disk interactions, may also produce Xrays. Observational evidence, including the presence of stellar magnetic fields, the existence of an
inner magnetospheric cavity of a few stellar radii, inferences concerning magnetic accretion columns
filled with free–falling plasma, and accretion shocks at the surface of the stars, supports the general
model of magnetospheric accretion (see Figure 1.7; Bouvier et al., 2007). Accretion has an important
and long-lasting impact on the evolution of stars, by providing mass and angular momentum.
The strong stellar magnetic fields of T Tauri stars significantly affect the accretion flow of the
circumstellar disk material onto the central star. When the ram pressure of the accreting material
is offset by the magnetic pressure for a sufficiently strong stellar field, gas from the circumstellar
disk accretes onto the stellar surface along the magnetic field lines of the stellar magnetosphere
(Koenigl, 1991). The circumstellar disk is truncated at ∼3-10 stellar radii (referred to as the
truncation radius, RT ), and thus accreting gas is accelerated to velocities of ∼200–600 km s−1 by
the stellar gravitational field and eventually impacts on to the high density layers of the stellar
atmosphere forming a strong shock (Gullbring, 1994; Lamzin, 1998). When the accreting material
collides with the surface of the star, it is shock heated to a few (∼3 × 106 ) MK and this high
density (ne = 1011 –1013 cm−3 ) thermalized plasma emits soft (E ∼ 1 keV) X-rays (Kastner et al.,
2002; Sacco et al., 2010). These accretion shocks may provide the necessary energy for the stellar
coronal activity that yields hotter (∼107 K) plasma (Brickhouse et al., 2010).

1.4.1

X-rays from Accretion vs. Coronal Activity

In Chapter 4, we investigate the X-ray properties of very low mass pre-main sequence stars. Xray emission is generated in extremely hot, circumstellar plasmas, which can be produced through
coronal activity and/or accretion onto the central star. Coronal magnetic activity generally produces hard X-ray components as a result of high temperature (∼10 MK) emission from flares and
active regions of the star (Feigelson & Montmerle, 1999; Gagné et al., 2004; Preibisch & Feigelson,
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2005). Additionally, accreted material can be accelerated to supersonic velocities, producing shocks
near the stellar surface, generally producing soft X-ray components as a result of low temperature
(a few MK) emission (Güdel et al., 2008; Hartmann et al., 2016; Calvet & Gullbring, 1998). The
signature of an X-ray shock can be difficult to distinguish from soft coronal emission, and high
resolution spectroscopy is necessary to distinguish between the two processes. Theoretical models
of shocks predict high electron density Ne (∼1013 cm−3 ) at low electron temperatures Te (a few
MK), where coronal activity would produce a lower electron density at high electron temperature
(∼10 MK). Since accretion is expected to result in higher densities than found in an active stellar
corona, it is critical that the density determination be secure.
We can use the approach described in Brickhouse et al. (2010) for TW Hya (M∗ = 0.7M ,
R∗ = 0.8R ; Batalha et al., 2002) to understand and evaluate the nature of emission resulting
from an acccretion shock for extremely low mass objects. Briefly, this method makes use of a onedimensional model of the magnetospheric infall, shock heating, and postshock cooling to derive a
temperature for the postshock plasma. The ballistic free-fall velocity at the stellar surface is given
by


vf f

R∗ 
2GM∗ 
1−
=
R∗
rt

1
2

,

where G is the gravitational constant, M∗ is the mass of the star, R∗ is the radius of the star, and rt
is the truncation radius of the disk. For the case of TW Hya, the resulting ballistic free-fall velocity
is approximately 509 km s−1 . If we assume that the supersonic flow produces a strong shock at
the stellar surface, the plasma will be heated to a postshock temperature of Tpost ≈ 3mvf2f /16k,
where k is the Boltzmann constant and m is the mean atomic mass. For the case of TW Hya, the
postshock temperature is Tpost = 3.4 MK. If we extend this argument to low-mass (M-type) premain sequence stars, we can evaluate if the X-ray emission we are observing for low-mass objects
in the TW Hydra Association (see Chapter 4) is characteristic of coronal activity or accretion
shocks. If we assume that an average star in our sample has a mass M∗ = 0.08M

and a radius
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R∗ = 0.1R , then the resulting ballistic free-fall velocity is approximately 280 km s−1 , resulting in
a postshock temperature of Tpost = 1 MK. Hence, the free-fall velocity dramatically decreases for
these low-mass objects, and thus, we are probably only able to observe X-ray emission from coronal
activity because the postshock temperature for these objects also scales down. This argument is
substantiated by the X-ray temperatures that were obtained for the objects in Chapter 4, i.e., we
do not measure any X-ray temperatures less than ∼5 MK. Thus, observing accretion shocks in the
X-ray regime for low-mass objects may not be possible because the accretion shock velocity drops
below ∼300 km s−1 , which is considered the limiting shock velocity that can produce significant
postshock emission in the X-ray regime (Schneider et al., 2017).

1.5

The Lowest Mass Stars

Low mass M dwarfs are the most common stars (by number) in the solar neighborhood (Salpeter,
1955; Chabrier, 2003a; Henry et al., 2006), but they are also among the least well understood.
Roughly ∼75% of the stars within 10 pc are M dwarfs (Henry et al., 2006) and they constitute
40% of the stellar mass budget (Chabrier, 2003b). Yet they are so small (R ∼ 0.1R ), cool (T
∼ 3000 K), and faint that not a single M dwarf is visible to the naked eye. The M spectral class
is defined by the presence of strong absorption features due to the diatomic molecule titanium
oxide (TiO) at optical wavelengths (∼4500–5700 Å; Hoffleit, 1943). M dwarfs are cool enough that
their spectra are heavily concealed by molecular bands (e.g., TiO, H2 , H2 O, VO) and their true
continuum emission is obscured.
In the last few years, there has been considerable effort aimed at identifying previously unrecognized young, M stars and brown dwarfs in the solar neighborhood (e.g., Rodriguez et al., 2011;
Malo et al., 2013; Gagné et al., 2015b,a). At young ages, brown dwarfs can have late-M spectral
types before they cool and eventually become L- or T-type brown dwarfs (see Figure 4 in Herczeg
& Hillenbrand, 2015, and references therein). While the number of known, faint M-type stars and
brown dwarfs has increased dramatically and they have even become common targets to the search
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for habitable Earth-like planets (Dressing & Charbonneau, 2015; Alonso-Floriano et al., 2015), our
understanding of their early evolution has not progressed at the same speed.
As a spectral class, the M dwarfs are extremely diverse: they span a much larger range in mass
than the next three spectral classes (FGK) combined (Boyajian et al., 2012a,b, 2013). M stars span
nearly an order of magnitude in mass (the hydrogen burning limit of 0.08 M on the low mass end
and extending to half the mass of the Sun; Baraffe & Chabrier, 1996; Chabrier & Baraffe, 1997)
and three orders of magnitude in luminosity. The luminosity function of M dwarfs suggests that
not all subclasses are equally populated, with a significant lack of M7–M8 sources, which could be
caused by the formation of dust in the atmospheres of these stars at these temperatures (theoretical
cool model atmospheres predict that dust grains of Al2 O3 , Fe, and MgSiO4 begin to condense in
the outermost layers around the temperatures corresponding to these spectral types; Dobbie et al.,
2002). Additionally, in the middle of the M spectral class — a mass of ∼0.35 M — stars transition
from partially to fully convective (Chabrier & Baraffe, 1997).
The signatures of magnetic activity in the atmospheres of M dwarfs are linked to their ages
and physical properties, where the level of activity decreases over time. Examples of signatures
of magnetic activity include X-ray emission, UV emission, Hα emission and other optical spectral
features, rotation rates, and spot coverage (Giampapa & Liebert, 1986; Soderblom et al., 1991;
Reid et al., 1995; Hawley et al., 1996; Delfosse et al., 1998; Hawley et al., 1999; O’Neal et al., 2004;
Covey et al., 2007; Irwin et al., 2011). The rate of decline in X-ray emission was shown to vary
with stellar mass; M dwarfs remain X-ray active (and rotate faster) much longer than FGK stars
(billions of years versus approximately 100 Myr for the solar analog; Pizzolato et al., 2003; Preibisch
& Feigelson, 2005; Selsis et al., 2007). In fact, the amount of time an M star stays active varies
significantly across the M spectral class (1 Gyr for M0 dwarfs to 8 Gyr or more for spectral types
later than M8; West et al., 2006, 2008). Additionally, the ratios of X-ray to total luminosity of M
dwarfs are orders of magnitude higher (10–100x) than those of the present day Sun (Poppenhaeger
et al., 2010). M dwarfs, especially late-type (i.e., M3–M9) stars, are known to have large, frequent
flares, caused by the strong magnetic activity associated with their convectve envelopes (Hilton,
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2011; Boucher et al., 2016).
M dwarfs have extremely long lifetimes, once deemed “models of persistence” (Laughlin et al.,
1997). Consider a common scaling relationship: if the main sequence lifetime of a star scales as its
mass divided by its luminosity M∗ /L∗ , with L∗ ∝ M3∗ at the bottom of the main sequence (Prialnik,
2009), then a 0.1 M
0.1 M

star should have a lifetime at least 100 times that of the Sun. In fact, a

star will burn hydrogen into helium for 12 trillion years (Laughlin et al., 1997), which is

roughly 103 solar lifetimes. While a typical Sun-like star will use only 10% of its nuclear fuel, the
fully convective interiors of M dwarfs with masses below 0.35 M

can dredge up and burn nearly

all of their reserves (Adams et al., 2004), promoting the longevity of small stars. M dwarfs at the
lowest end of the main sequence, <0.16 M , have such long lifetimes that they will never become
red giants in the age of the universe (Laughlin et al., 1997). Thus, statistically, due to their long
lifetimes and frequency in the solar neighborhood, M dwarfs seem to be the most feasible sites for
the evolution and detection of life (Loeb, 2016).
Recently, M dwarfs have become the prime targets to search for rocky, low mass planets with
the potential capability of hosting life (e.g., Dressing & Charbonneau, 2013; Sozzetti et al., 2013).
In spite of the increasing effort devoted to studing the physical characteristics of M dwarfs, our
understanding of their chromospheres and activity are still very far from being fully understood.
Since high levels of magnetic activity (e.g., strong flares, see Leto et al., 1997; Osten et al., 2005)
are ubiquitously observed for M dwarfs, there may be a potential hazard for habitability (Tarter
et al., 2007; France et al., 2013).

1.5.1

Planet Formation Around Low-Mass Stars

The circumstellar disks of M dwarfs provide a favorable environment for the formation of low
mass planets close to the star (Wu & Lithwick, 2013), which is evidenced by the ∼50% small
planet occurrence rate around M dwarfs in the habitable zone (∼0.1–0.4 AU Bonfils et al., 2013;
Kopparapu, 2013; Dressing & Charbonneau, 2013, 2015). M dwarfs provide excellent laboratories
for understanding the diversity of exoplanets as they represent 75% of the stars in the Milky Way
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(Bochanski et al., 2007, 2010), which implies that most exoplanets in our galaxy orbit M dwarfs.
In addition to being the most abundant stellar constituent in the galaxy, M dwarfs have numerous
observational advantages for both the identification and characterization of their planets (see e.g.,
Shields et al., 2016). This fact has led to several habitable zone planet discoveries: a terrestrial
planet around the M5.5 dwarf Proxima Cen (Anglada-Escudé et al., 2016), three of seven Earthsized planets around the M8 dwarf TRAPPIST-1 (Gillon et al., 2016, 2017), and a superearth
around an M4.5 dwarf LHS 1140 (Dittmann et al., 2017). Indeed, M dwarfs are believed to be the
most favorable targets for follow-up observations (Tarter et al., 2007; Scalo et al., 2007). In the near
future, there will be many more planets orbiting M dwarfs discovered by both ground- and spacebased instruments (e.g., TESS, CARMENES, SPIROU, NGTS; Ricker et al., 2014; Quirrenbach
et al., 2012; Delfosse et al., 2013; Wheatley et al., 2014). Hence, low mass stars will be a cornerstone
of exoplanetary science in the future and will be the main targets for the search for Earth-like
planets.
The Kepler Mission has revolutionized the field of exoplanets, discovering a population of planets
at short orbital periods that orbit the majority of stars in our galaxy (e.g., Borucki et al., 2011;
Howard et al., 2012; Fressin et al., 2013; Burke et al., 2015). The population of planets discovered
by Kepler is distinct in planet size, orbital period, and bulk composition, much different from
previously known planetary systems, including our Solar System. The average number of small
planets (1.0–2.8 R⊕ ) per M dwarf is a factor 3.5 times higher than that per FGK stars at orbital
periods P < 50 days, while the number of larger planets (“Neptunes,” >2.8R⊕ ) is a factor of 2
lower (Dressing & Charbonneau, 2013, 2015; Morton & Swift, 2014; Mulders et al., 2015a,b), see
Figure 1.9. Aside from the lack of Neptunes around M stars, there is no systematic trend in the
planet radius distribution between FGK stars that points to smaller planets forming around lower
mass stars. Qualitatively, this matches the prediction of in-situ formation models, where numerous,
but smaller planets form in low-mass disks around low-mass stars (e.g., Wetherill, 1996; Kokubo &
Ida, 2002; Raymond et al., 2007; Ciesla et al., 2015). Dressing & Charbonneau (2015) estimated
that on average there are at least two small planets around every M dwarf, with at least one
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Earth-size habitable zone planet for every seven M dwarfs.
Given the technologies currently available for exoplanet detections, M dwarfs have been the most
productive targets in searches for terrestrial planets. The sheer abundance of low mass stars ensures
that there are many M dwarfs close enough to enable high precision photometry and spectroscopy.
The habitable zone, the orbital region where a planet should be able to retain liquid water on
its surface, is located significantly closer for M dwarfs than the habitable zone for Sun-like stars
(Kasting et al., 1993). Other factors, besides the retention of liquid water, may be important in
evaluating a planet’s potential to harbor life. For instance, a strong planetary magnetic field may
deflect stellar wind and other ejecta, which would protect the atmosphere of the planet against
erosion.
In addition, there are many other observational advantages that make M dwarfs ideal targets in
the search for habitable planets (see e.g., Berta et al., 2012). The detection and characterization of
planets orbiting low mass stars is in general easier. The smaller sizes and lower masses of M stars
yield deeper planetary transits and larger stellar reflex radial velocities compared to a system with
a higher stellar mass but identical planetary mass and orbital period. Furthermore, orbits around
cooler, less luminous stars must have shorter periods than those around Sun-like stars to achieve the
same planetary effective temperature, making transits more likely and frequent and enhancing reflex
velocities for radial velocity detection. Thus, an Earth-sized planet in the habitable zone around
an M dwarf will have a shorter follow-up time compared to a planet in the habitable zone orbiting
a Sun-like star. These observational advantages make the detection and bulk characterization (e.g.
mass, radius) of planets orbiting nearby M dwarfs using radial velocity and transit techniques
much easier. They also facilitate atmospheric characterization through transmission spectroscopy
(which has been performed for super-Earths orbiting GJ 1214 and HD 97658 (Kreidberg et al.,
2014; Knutson et al., 2014).
Despite all of these advantages, M dwarfs also bring complications to the study of exoplanets.
The circumstellar environments of low mass stars differ considerably from the environment of the
Sun, such that lower-mass stars have cooler photospheres that peak at redder wavelengths compared
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to Sun-like stars. Additionally, low-mass stars have active chromospheres and coronae that produce
high energy radiation that may be harmful for life, and such stars have prolonged pre-main sequence
phases (e.g., Tian & Ida, 2015). Due to the limitations of search techniques currently used to find
exoplanets, most of the known exoplanets are found orbiting at extremely close distances to their
host stars (<0.1 AU), with the consequence that these planets are likely tidally locked (e.g., Checlair
et al., 2017; Barnes, 2017). The importance of M dwarf stars that host exoplanets makes it essential
to gain a thorough understanding of a typical planetary environment produced by such stars so as
to determine the habitability of planets in these systems.
The magnetic fields associated with M dwarfs are drastically different in topology and intensity
than that of the Sun (see e.g., Vidotto, 2013; Vidotto et al., 2013). The differences in stellar magnetism and orbital radius can make the interplanetary medium of exoplanetary systems distinctly
different from the interplanetary medium of the Solar System. Thus, the magnetic fields surrounding planets in the habitable zones of planets orbiting M dwarfs are likely substantially different from
the magnetic field associated with the Earth. For example, if a planet were to orbit closer to the
central star it would experience a stronger stellar magnetic pressure, which would reduce the size of
the magnetosphere of the planet and expose its atmosphere to erosion by stellar wind. Specifically,
the deep convective zones of M dwarfs produce non-uniform magnetic fields that rise well above
the stellar surface and eject a large amount of energy through the chromosphere and corona. This
energy can blast exoplanets with high energy photons and particles from stellar winds.
While M dwarfs are known to exhibit larger temporal variability at high energy wavelengths than
Sun-like stars, their spectral and temporal behavior has not yet been well-characterized (France
et al., 2013). Without proper knowledge of such fundamental aspects of the host stars, we cannot
produce realistic transmission spectra of Earth-like planets in these systems, which is necessary to
predict and interpret biosignatures in the planet’s atmospheres and their potential to determine
habitability. The high energy radiation incident on a planet in the habitable zone around an M
dwarf may impede the development of extrasolar biology (Ranjan et al., 2017) by destroying the
biosignatures we hope to detect, or even produce abiotic oxygen and ozone, which would generate
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false-positive biosignatures (Domagal-Goldman et al., 2014; Tian et al., 2014; Harman et al., 2015).
Thus, knowledge of the high energy radiation environments of M dwarfs over planet formation
timescales and planet evolution timescales is integral to understanding the potential habitability of
planets that orbit them.
Ground- and space-based exoplanet missions have discovered thousands of planets within the
Milky Way using radial velocity techniques and transit photometry (see Akeson et al., 2013), although identifying potentially habitable planets requires another step: atmospheric characterization
(Seager & Deming, 2010). The Sun-Earth system provides a solid foundation for understanding the
atmospheric chemistry of Earth-like planets around Sun-like stars, but does little to constrain the
atmospheric chemistry of rocky planets around low mass stars. To address the issue, France et al.
(2016) conducted a panchromatic (X-ray to mid-IR) study of the spectral energy distributions of
nearby, low mass planet hosting stars (“Measurements of the Ultraviolet Spectral Characteristics of
Low-mass Exoplanetary Systems (MUSCLES) Treasury Survey;” see also Youngblood et al., 2016;
Loyd et al., 2016; Youngblood et al., 2017). These types of studies can be used to study the atmospheric response of planets which have been exposed to strong and variable high energy emission
(the most damaging wavelengths to atmospheric photochemistry; see e.g. Miguel & Kaltenegger,
2014; Rugheimer et al., 2015; Luger et al., 2015; Luger & Barnes, 2015; Arney et al., 2016).

1.6
1.6.1

Methods
Molecular Line Emission

Molecular line emission is a powerful diagnostic for protoplanetary disks. Emission lines can
give insight on the temperature, density, and velocity distribution, as well as the molecular content
of the outer disk and the disk orientation. Specific line velocities originate from localized parts of
disks and different species sample a number of line optical depths and physical conditions (e.g.,
temperature, density, etc.). Beckwith & Sargent (1993) sought to model such line emission in
detail, so as to take advantage of its powerful diagnostic capabilities. Beckwith & Sargent (1993)
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present calculations of molecular line emission from circumstellar disks with several assumptions
that simplify the calculations, but they do not greatly affect the final results, and hence the methods
presented in the paper bring out the important relationships between the physical parameters in
circumstellar disks and the observable consequences.
Although the material in a circumstellar disk is in Keplerian rotation, observing these disks
presents some difficulties since not all disks are oriented such that they are viewed face-on (i.e.,
at an inclination angle of 0◦ ). Hence, the material is Doppler-shifted relative to the observer.
Figure 1.10 (adopted from Beckwith & Sargent 1993) compares line profiles from disks viewed at
different inclinations. It can be seen that as the inclination angle gets smaller (i.e., closer to face-on,
or 0◦ ), the line profile approaches a Gaussian. As the inclination angle gets larger (i.e., closer to
edge-on, or 90◦ ), the line profile becomes more double-peaked. Figure 1.11 (adopted from Beckwith
& Sargent 1993) can be used to understand how the line-of-sight velocities that are observed in
line profiles relate to the orbiting gas in the disk for a disk that is viewed edge-on by an observer,
and hence displays a double-peaked profile. The disk in Figure 1.11 is labeled/shaded with redshifted and blue-shifted velocity components that are also shaded in the corresponding line profile.
Figures 1.12 and 1.13 (adopted from Beckwith & Sargent 1993) show brightness temperature maps
and line profiles for disks viewed at 45◦ and 90◦ , respectively. The material that appears to be
moving the fastest contributes to the wings of the line profile, whereas the material that appears to
be moving the slowest, or is moving nearly perpendicular to the observer, contributes to the central
parts of the line profile. This interpretation may be applied to single-dish and interferometric
observations of molecular emission in disks to obtain a better understanding of the kinematics,
sizes, densities and temperature gradients, and orientations of disks.

1.6.2

Optical Depth

Conclusions drawn in Chapter 2 hinge on the interpretation of the opacity derived for molecules
in the circumstellar disk of LkCa 15, hence it is necessary to understand the definition and implications of optical depth. Optical depth (τ ) is a measure of how much absorption occurs when
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radiation passes through an absorbing medium. This is dependent upon the distance the light
travels through the medium along the line of sight (s), the density of the material the light is
traveling through (ρ), and the absorption coefficient of the material, also known as the opacity of
R
the material (κ) in the following manner, τ = κ(s)ρ(s)ds. A medium is opaque or optically thick
(τ >> 1) if the chance that a photon will interact with a medium is very large, i.e., the photon
cannot pass through the medium without being absorbed. A medium is transparant or optically
thin (τ << 1) if the chance that a photon interacts with a medium is very small, i.e., the photon
can pass through the medium without being absorbed.
In Section 2.4.5 we derive optical depths for CN and C2 H in the LkCa 15 disk. We find that the
emission from both species is optically thick, with very low values of excitation temperature Tex ,
based upon the modeling of spatially unresolved emission lines. The derived values of Tex imply
either that the gas is subthermally excited or that the CN and C2 H emission originates from disk
gas at very low temperature. We note that to derive the opacity, column density, and excitation
temperature of the molecules we had to assume that the molecular emission is distributed uniformly
throughout the disk of LkCa 15, although there is evidence that CN and C2 H emission is instead
highly localized within the disk (Kastner et al., 2015a). Since the low Tex for CN and C2 H rest
on the assumed beam filling factor, if these molecules emit from a less extended disk or a ring a
higher Tex would be derived (which would, in turn, result in a lower value of τ ). To obtain optically
thick emission for CN and C2 H, we might be observing these molecules over a large path length
(i.e., from deep within the disk) or the emission might originate from a very dense region of the
disk. Our results of large optical depth for CN and C2 H are consistent with the idea that the gas is
cold, i.e., is confined near the midplane, although our assertion that the molecules are subthermally
excited implies low densities and hence, high disk atmosphere origin. Future ALMA observations
of more nearly edge-on disks may help us disentangle these effects and identify the origin of the
emission.
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1.6.3

Radial Velocity Cross-Correlation Technique

A thorough review of radial velocity (RV) cross-correlation analysis, as done through standard
IRAF tasks, is described in Tonry & Davis (1979). We performed such a cross-correlation analysis
to look for RV variability in spectra of RZ Psc, as discussed in Section 3.4.4. Here, we discuss the
methods of this type of analysis in more detail. First, an RV standard star, observed on the same
night as RZ Psc, was selected as a template for comparison. The standard star was chosen from
Nidever et al. (2002), since these stars have RV’s that are stable to <100 m s−1 . To correct for
spectral shift on the detector during the observations, telluric lines are cross-correlated to determine
the zero-point wavelength scale shifts between the two spectra (the RV standard star and RZ Psc;
the O2 line around 6850 Å was used for the cross-correlation). Next, we chose several echelle
orders that are dominated by sharp lines and cross-correlate these orders; for RZ Psc we use echelle
orders around 6000 Å. We note that we avoided spectral lines such as Hα, Na D, and Ca II in all
stars because these lines are much broader than weak metal lines. In addition, these lines can also
have variable emission components due to hot circumstellar plasma, thus using such lines in the
cross-correlation analysis would produce much less accurate and precise cross-correlation peaks. We
also note that the continuum of the spectra must be normalized well to produce accurate results
and uncertainties.
Then, the heliocentric RV of the target star is computed from the average RV offset between
the standard star and the target star, the zero-point shift, and heliocentric corrections calculated
for each star (dependent on when the star is observed and where it is in the sky). The errors are
propagated to obtain the uncertainty on the heliocentric RV.

1.6.4

Spectroscopic Diagnostics of Stellar Surface Gravities

A review of the method of measuring stellar surface gravities (log g = GM∗ /R∗2 , where G is the
gravitational constant, M∗ is the mass of the star, and R∗ is the radius of the star) by analysis of
spectral lines is described in Gray (2008); briefly, the surface gravity can be determined by using
the ionization equilibrium for Fe I and Fe II lines. We note that usually Fe is used because there are
24

Chapter 1. Introduction
many Fe lines that are observable in the spectrum of a star, although sometimes Ti I and Ti II or V
I and V II are used. This type of analysis was used to measure the stellar surface gravity of RZ Psc
in Section 3.4.1. This method is based on the assumption that all elements in the atmosphere of
a star should exist in the same abundances, independent of whether the abundance is estimated
from spectral lines of the neutral atom or an ionized atom. The strengths of each spectral line
of a given species is dependent on pressure, as described through the Saha equation; the pressure
is dependent on the surface gravity of the star. Thus, the surface gravity in the assumed model
atmosphere is adjusted until the same abundance is obtained for both Fe I and Fe II lines.

1.6.5

Dust Mass Necessary for Optical Dropouts

An estimate of the dust mass necessary for the optical dropouts observed for RZ Psc (see
Chapter 3) can be obtained from the magnitude of the optical obscuration observed. To estimate
the dust mass, we follow the procedure outlined in Principe et al. (2016). We can assume that
the material causing the optical dropout covers the entire photosphere of RZ Psc during this time.
The clump column density can then be estimated by using the observed relationship between the
total extinction, A(V ), and the column density of neutral hydrogen atoms, NH , given by NH /A(V )
≈ 1.8 x 1021 atoms cm−2 mag−1 (Predehl & Schmitt, 1995), and supported by the X-ray based
analysis presented in Chapter 3, Section 3.5.2. We can adopt an average value of A(V ) ∼ 2 for
an optical dropout event, and hence estimate that the column density of the obscuring material
is approximately 3.6 x 1024 cm−2 . The total mass of the obscuring material is then given by
Mclump = NH πR∗2 mH , where R∗ is the radius of RZ Psc and mH is the mass of a hydrogen atom.
Given the effective temperature (Tef f ) and bolometric luminosity (Lbol ) of RZ Psc (Tef f ∼5600
K and Lbol ∼2.3 x 1033 erg s−1 , or ∼0.6L ), we can use the Stefan-Boltzmann law to estimate
the radius of RZ Psc (R∗ ∼5.7 x 1010 cm or ∼ 0.8R ). Thus, we can speculate that the mass of
obscuring material is Mclump ≈ 6 x 1019 g or 10−8 M⊕ . This total mass is similar to the total mass
of some moons in our Solar System (e.g., Hydra, see Stern et al., 2015).
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1.7

Overview

In this dissertation, we make use of the theory presented in Chapter 1 to study nearby, young
stars to better understand the processes involved in planet formation and evolution, as well as the
origins of our Solar System. In the following chapters, I present observations of young stars and
star-disk systems to better understand the connection between stellar high energy radiation and
the evolution of circumstellar environments, methods to exploit the signatures of youth, as well as
methods to identify nearby, young stars.
Chapter 2 presents the results of an unbiased radio spectroscopic survey with the Institute de
Radioastronomie Millimétrique (IRAM) 30 meter telescope of the cirumstellar disk orbiting the
∼2–5 Myr-old, actively accreting solar analog LkCa 15. We find that high-energy (FUV and/or
X-ray) radiation from the central star, a known X-ray luminous source, may be enhancing the
abundances of CN and C2 H within the disk. Chapter 3 presents the investigation of the erratically
variable star RZ Piscium (RZ Psc) to ascertain its evolutionary status by making use of observations
with the European Space Agency’s X-ray Multi-Mirror Mission (XMM-Newton), as well as highresolution optical spectroscopy with the Hamilton Echelle on the Lick Shane 3 m telescope and with
HIRES on the Keck I 10 m telescope. The data presented provide strong support for the youngstar status of RZ Psc, as well as evidence for the presence of a significant mass of circumstellar
gas, suggesting the recent destruction of one or more young exoplanets within 1 au of the star.
Chapter 4 presents a Chandra X-ray Observatory survey of very cool members of the ∼8 Myr-old
TW Hydra Association, showing that X-ray luminosity relative to bolometric luminosity (LX /Lbol )
decreases with decreasing effective temperature (Tef f ). Additionally, the fraction of TWA stars
that display evidence for residual primordial disk material sharply increases in this same (mid-M)
spectral type regime, suggesting that disk survival times may be longer for ultra-low-mass stars
and brown dwarfs than for higher-mass M stars. Our analysis suggests that we may be able to
use log(LX /Lbol ) to predict the future mass and structure of a young stellar object. Chapter 5
describes a novel method to identify new nearby, young stars by using parallax data available in
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Gaia Data Release 1 (DR1) to estimate the distances and ages of a sample of candidate young
stars identified by the Galex Nearby Young Star Survey (GALNYSS). The youth of these stars is
confirmed by their relative positions, compared to main sequence stars and giant stars, in Gaiabased color-magnitude and color-color diagrams produced for all Galex and WISE-detected stars
with parallax measurements available in Gaia DR1.

Figure 1.1: Classification of young stellar objects. This figure was reproduced from Williams &
Cieza (2011).
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Figure 1.2: Age of stellar sample vs. fraction of stars with primordial disks. This figure was
reproduced from Mamajek (2009).
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Figure 1.3: Pictogram of the structure and spatial scale of a protoplanetary disk. The radial scale
on the x-axis is not linear. Above the pictogram shows which techniques can spatially resolve which
scales. Below shows which kind of emission arises from which parts of the disk. This figure was
reproduced from Dullemond & Monnier (2010).
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Figure 1.4: A sketch of the vertical structure of a protoplanetary disk. This figure was reproduced
from Semenov (2010).
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Figure 1.5: State of the art model of a molecular disk. This model is done for a disk orbiting a
young star of one solar mass. The volume density as a function of radius r and altitude z above
the midplane is given in color. The location of the isotherms at 17 and 20 K are also shown. I, II,
and III correspond to the location of the three important layers of gas: the PDR-like atmosphere
irradiated by the star, the UV interstellar field and the cosmic rays (I), the molecular layer typically
located between one and three scale heights (II), and the midplane where only molecular hydrogen
and deuterated isotopologues of simple molecules are abundant in the gas phase (III). Top lines: the
red line gives the area sampled by Herschel observations (unresolved). The blue line corresponds
to the area sampled by ALMA (with the best resolution for a source at 150 pc). This figure was
reproduced from Dutrey et al. (2014).
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Figure 1.6: A summary of the chemical processes that occur in various regions of protoplanetary
disks. This table was reproduced from Semenov (2010).
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Figure 1.7: A schematic diagram of a young star accreting from a disk through the stellar magnetosphere. The magnetic field lines are connected with the disk channel material at near free-fall
velocities which then shocks at the stellar surface. Some magnetic field lines are unconnected with
the disk and produce coronal X-ray emission and/or stellar wind. Other field lines may become
twisted by differential rotation between the disk and the star, which can cause field lines to bulge
out and/or eject matter. The inner disk (<1 AU) produces a bipolar flow/jet, driven by accretion
energy. This figured was reproduced from Hartmann et al. (2016).
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Figure 1.8: Correlation between X-ray luminosity LX and largescale magnetic flux. This figured
was reproduced from Vidotto et al. (2014).
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Figure 1.9: Differences between occurrence rates of the cool star subsample (as defined in Dressing
& Charbonneau, 2013, ; Tef f < 4000 K) and the entire Kepler sample. Top panels: Occurrence
rates for cool stars and all stars, respectively. Bottom left panel: ratio between the top panels.
Bottom right panel: difference between top panels. This figured was reproduced from Mulders
et al. (2015a).
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Figure 1.10: Line profiles for a disk viewed at a series of different inclination angles: θ = 30◦ , 45◦ ,
60◦ , and 90◦ . This figured was reproduced from Beckwith & Sargent (1993).
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Figure 1.11: Top: A disk viewed edge-on by an observer in the plane of the page. The shaded
regions are areas where line-of-sight velocity is within 10% of the velocities listed in the diagram.
Bottom: The resulting line profile with the corresponding velocity components indicated. This
figured was reproduced from Beckwith & Sargent (1993).
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Figure 1.12: Four brightness temperature maps shown with the associated line profile for a circumstellar disk, for an inclination angle of 45◦ . Points on the profile corresponding to each of the maps
are labeled. The maps are shown in gray scale. The ellipse is the projected outer radius of the disk
at the disk midplane. This figured was reproduced from Beckwith & Sargent (1993).

Figure 1.13: Four brightness temperature maps shown with the associated line profile for a circumstellar disk, for an inclination angle of 90◦ (edge-on). Points on the profile corresponding to each of
the maps are labeled. The maps are shown in gray scale. The ellipse is the projected outer radius
of the disk at the disk midplane. This figured was reproduced from Beckwith & Sargent (1993).
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2

AN UNBIASED 1.3 MM EMISSION LINE SURVEY OF THE
PROTOPLANETARY DISK ORBITING LKCA 15

Note: This chapter is a paper than has been published in The Astrophysical Journal, Volume
805, Issue 2, article id. 147, 2015. The data analysis and results in Section 2.4.5 are primarily the
work of co-author P. Hily-Blant.
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2.1

Abstract

The outer (>30 AU) regions of the dusty circumstellar disk orbiting the ∼2–5 Myr-old, actively
accreting solar analog LkCa 15 are known to be chemically rich, and the inner disk may host a
young protoplanet within its central cavity. To obtain a complete census of the brightest molecular
line emission emanating from the LkCa 15 disk over the 210-270 GHz (1.4 - 1.1 mm) range, we
have conducted an unbiased radio spectroscopic survey with the Institute de Radioastronomie
Millimétrique (IRAM) 30 meter telescope. The survey demonstrates that, in this spectral region,
the most readily detectable lines are those of CO and its isotopologues

13 CO

and C18 O, as well

as HCO+ , HCN, CN, C2 H, CS, and H2 CO. All of these species had been previously detected in
the LkCa 15 disk; however, the present survey includes the first complete coverage of the CN (2–
1) and C2 H (3–2) hyperfine complexes. Modeling of these emission complexes indicates that the
CN and C2 H either reside in the coldest regions of the disk or are subthermally excited, and that
their abundances are enhanced relative to molecular clouds and young stellar object environments.
These results highlight the value of unbiased single-dish line surveys in guiding future high resolution
interferometric imaging of disks.

2.2

Introduction

To understand the origins of our own solar system, it is necessary to investigate the protoplanetary disks of young, solar-mass stars (T Tauri stars) that represent early solar analogs. The
LkCa 15 star/disk system, which has been extensively studied at X-ray, optical, infrared, and
(sub)millimeter wavelengths, represents a prime example of such an early solar analog (Thi et al.,
2004; Öberg et al., 2010; Andrews et al., 2011; Isella et al., 2012; Skinner & Güdel, 2013; Thalmann
et al., 2014). The LkCa 15 system is associated with the Taurus-Auriga star-forming cloud complex,
at a distance of about 140 pc (van den Ancker et al., 1998), and is an archetypal “transition disk”
system (see, e.g., Williams & Cieza 2011). The K5 (Lbol = 0.74L ) central star is estimated to
have an age of 2-5 Myr and a mass of M = 1.0 M (Simon et al. 2000; Kenyon & Hartmann 1995).
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The LkCa 15 star/disk system is characterized by a mass accretion rate of about 3 × 10−9 M yr−1
(Hartmann et al., 1998), a partially dust-depleted inner region of ∼50 AU in radius (Andrews et al.,
2011; Espaillat et al., 2007; Piétu et al., 2006), and an infrared excess over the stellar photosphere
that can be explained by the presence of hot dust within a few AUs from the central star (Espaillat
et al., 2007; Mulders et al., 2010). The disk, which displays detectable molecular gas in Keplerian
rotation out to ∼900 AU (Piétu et al., 2007), is viewed at intermediate inclination (i ∼ 52◦ ; Dutrey
et al. 2011).
The ∼50 AU central cavity constitutes one of the largest inner submm “holes” observed among
transition disks (Andrews et al., 2011). The discrepancy in the outer disk radius as inferred from
interferometry of emission from dust and gas (150 AU vs. 900 AU, respectively; Piétu et al., 2007;
Isella et al., 2012) also suggests the density of mm-size dust grains drops precipitously in the outer
disk, beyond ∼150 AU. This radially stratified dust disk structure may reflect the effects of recent
or ongoing planet formation. Indeed, Kraus & Ireland (2012) reported the potential discovery of
a 6 MJ , ∼ 1 Myr old protoplanet well within the submm continuum cavity (i.e., at a distance
of 16 AU from the central T Tauri star). It is unclear how a cavity as large as that observed
within the LkCa 15 disk may be formed, but it is believed that it must be due to more than just
dynamical interactions with a single planet, suggesting the presence of multiple planets and/or the
need for additional clearing mechanisms (e.g., grain growth, photoevaporation; Zhu et al. 2011;
Dodson-Robinson & Salyk 2011).
Given its status as the first accreting T Tauri star that has been identified as potentially
harboring a young protoplanet, the LkCa 15 system serves as a unique laboratory for constraining
physical conditions within a planet-forming disk — one in which planet formation is likely at an
advanced stage. Indeed, among protoplanetary disks, the LkCa 15 disk is especially chemically
rich; it has previously been detected in several molecular transitions (Thi et al., 2004; Piétu et al.,
2007; Öberg et al., 2010). Furthermore, Skinner & Güdel (2013) report the detection of LkCa
15 as a bright X-ray source with Chandra (intrinsic X-ray luminosity of log Lx ≈ 30.4 ergs s−1 ).
As discussed in Kastner et al. (2014) and references therein, such strong X-ray emission (as well
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as extreme untraviolet emission) from the central star likely has important consequences for disk
heating, chemistry, accretion, and mass-loss — and, hence, for planet formation.
We have demonstrated that unbiased line surveys of evolved, chemically rich, protoplanetary
disks, such as that orbiting LkCa 15, are necessary to establish the full inventory of readily detectable molecular species in disks (Kastner et al., 2014). Such observations are important both
in providing constraints on the latest generations of disk models that incorporate stellar irradiation and gas-grain reactions, and in serving as guidance for subsequent interferometric imaging of
molecular emission from protoplanetary disks (Kastner et al., 2015b). With this as motivation, we
have carried out such an unbiased radio molecular line survey of the LkCa 15 disk with the 30-m
IRAM radio telescope.

2.3

Observations and Data Reduction

The line survey of LkCa 15 reported here was carried out over the frequency range ∼ 210 − 270
GHz with the IRAM 30-m telescope and its EMIR receivers in March 2012 during good weather
conditions (∼ 2.0 mm of precipitable water vapor). The EMIR receiver temperatures were fairly
homogeneous over the frequency range surveyed (see Figure 2.1), with values in the range 80–100 K.
The standard three-phase calibration procedure at the IRAM 30 m was used to obtain the zenith
opacity every 10–15 min, with measured values between 0.1 and 0.3. The EMIR receivers were used
along with the Fourier Transform Spectrometers in their 200 kHz (0.25 km s−1 ) spectral resolution
mode, providing ∼ 16 GHz instantaneous bandwidth that was split into two chunks of ∼ 8 GHz
each (see Figure 2.2). To ensure we obtained flat baselines and optimal atmospheric subtraction,
the observations were performed in the wobbler switch mode, with a 70” throw. The pointing was
checked approximately every 1–1.5 hours on a nearby continuum source. The focus was checked
on a strong source every 2–2.5 hours. The frequency setups were chosen to ensure a factor two
redundancy, except at the edges. However, bad weather conditions reduced the observing time,
and the final frequency coverage was reviewed accordingly (see Figure 2.2). Consequently, 9 setups
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have been observed so as to obtain a complete coverage from 208.546 to 269.666 GHz. We note
that having a large instantaneous bandwidth not only minimizes inter-calibration issues between
lines, but also minimizes pointing issues.
Data reduction was performed with the CLASS software within the GILDAS package1 . Residual
bandpass effects were subtracted by applying a first order polynomial to each spectrum. We find
the noise to be almost uniform (see Figure 2.1), with an average noise level of 7 mK (antenna
temperature scale) in 0.27 km s−1 channels across the full bandwidth.
The output of the foregoing data acquisition and reduction sequences for LkCa 15 is a single
spectrum that covers the full ∼ 210-270 GHz frequency range. The results for line intensities and
derived quantities described in Section 2.4 were obtained from these spectra, adopting a beam
full width at half maximum (FWHM) of 10.7”. The line intensities are quoted in main beam
temperature scale, using Tmb =

Fef f ∗
Bef f TA ,

where the appropriate values of Fef f (forward efficiency)

and Bef f (main beam efficiency) were found by linear interpolation of the values that are provided
in the IRAM 30-m documentation. These line intensities can be converted to Jy km s−1 using
F

f
Jy/K for S/TA∗ , the point source sensitivity, with Fef f = 0.88−0.94 and Aef f = 0.41−0.49
3.906 Aef
ef f

(aperture efficiency), where these represent the values for the IRAM 30-m telescope in the 1.3 mm
window2 .

2.4
2.4.1

Results and Analysis
Molecular Line Inventory

We used the spectral line identification methods available in the WEEDS extension of the
GILDAS3 software tools, along with visual inspection, to compile a list of molecular transitions
that are readily detectable and measurable in the 210-270 GHz IRAM spectrum of LkCa 15. A
summary of these molecular transitions is presented in Table 2.1 and Table 2.2. The spectral regions
1

http://www.iram.fr/IRAMFR/GILDAS
See http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies.
3
See Maret et al. 2011.
2
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covering all the lines we detected are displayed in Figure 2.3. A listing of all molecular transitions
previously detected and searched for in LkCa 15 is presented in Table 2.3. An inspection of Table 2.1
shows that, in the spectral region surveyed, the most readily detectable lines are those of CO and its
isotopologues 13 CO and C18 O, as well as HCO+ , HCN, CN, C2 H, CS, and H2 CO. All of these species
had been previously detected in the LkCa 15 disk. In most cases, however, the detections were
widely spaced in time and/or made with different telescope/instrument combinations, potentially
resulting in significant calibration uncertainties where, e.g., measurement of line ratios is concerned.
Absent such uncertainties we can, e.g., exploit our near-simultaneous coverage of CO and its
isotopologues
13 CO

13 CO

and C18 O to estimate the optical depths of the observed transitions of CO and

(§ 2.4.4). In addition, the survey includes first measurements of the full suite of hyperfine

transitions of CN N = 2 → 1 and C2 H N = 3 → 2, whose analysis yields estimates of optical
depth and determinations of excitation temperature for these molecules (§ 2.4.5). We note that the
J = 5 → 4 transition of CS is detected here for the first time in the LkCa 15 disk. We also detect
multiple transitions of H2 CO, one of which (the J = 313 → 212 line at 211.211 GHz) had not been
previously detected in this disk.

2.4.2

Line Intensity Measurements

Because the LkCa 15 disk is viewed at intermediate inclination (i ∼ 52◦ ; Dutrey et al. 2011),
it displays molecular line profiles that are double-peaked. Thus, we fit the observed profile with a
Keplerian disk model described in Section 2 of Beckwith & Sargent (1993) and used by Kastner
et al. (2008b, 2010a, 2014) to analyze molecular emission of protoplanetary disks observed with a
single-dish radio telescope. The profile parameters are: the peak line intensity (Tmb ), the Keplerian
velocity at the outer edge of the disk (vd , equivalent to half of the peak-to-peak velocity width),
the disk radial temperature profile power law component (q, where T (r) ∝ r−q ), and the outer disk
density cutoff (pd ). When we have obtained a good fit to the observed line profile, as determined
by the reduced χ2 of the fit, we can then integrate under the model line profile and obtain the total
line intensity (I). We stress that the purpose of applying such a (parametric) model is to obtain
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line intensity measurements, and not necessarily to infer disk structure; such inferences are, in any
case, inherently difficult given only single-dish observations.
For all lines with high signal-to-noise, all four parameters were allowed to vary to find the bestfitting line profile, as determined by minimizing the reduced χ2 of the fit. To fit the low signal-tonoise lines, we adopt the model parameters for vd , q, and pd from the 12 CO line and only allow Tmb
to remain free. To estimate upper limits and tentative detections, we fixed all parameters, except
Tmb , to the values that best fit the 12 CO line, and then determined the maximum line intensity that
could be present given the observed noise level. The upper limit (at the one-sigma level) was then
determined by integrating over the resulting model line profile. The results of these line profile fits
are listed in Table 2.1; the upper limits listed are at the 3-σ level. In Figures 2.4-2.6, we display
the observed and best-fit model line profiles for the transitions of CO isotopologues, HCO+ , HCN,
CS, and H2 CO; in all of these cases, all four model profile parameters were allowed to vary. We
also obtain tentative detections for DCN and DCO+ , for which 3 of the 4 parameters in the fit were
fixed. The spectra of these tentative detections were rebinned and are presented in Figure 2.7. For
comparison, a summary of previous molecular line intensity measurements for LkCa 15 is provided
in Table 2.3.

2.4.3

Column Density Estimates

We estimate source-averaged column densities for the (pure rotational) molecular transitions
detected using the methods described in Goldsmith & Langer (1999) and Kastner et al. (2014),
where we use the results for the integrated line intensities (Table 2.1), along with molecular line
reference data from The Cologne Database for Molecular Spectroscopy (CDMS)4 . These methods
are briefly summarized here.
In the case of optically thin emission (τ  1), the total column density for linear molecules –
for which the degeneracy of the upper rotational level is given by gu = 2Ju + 1 and the energy of
4

See http://www.astro.uni-koeln.de/cdms.
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the lower level is El = hBrot Jl (Jl + 1) – can be approximated by

Ntot =

W
8πν 3 Qrot (Tex ) eEl /kTex
fdilution ,
3
c
Aul gu 1 − eTul /Tex 4Jν

(2.1)

where ν is the frequency of the transition, W is the integrated line intensity (in K cm s−1 ), Aul is
the Einstein coefficient for the transition, Tul =
energy, fdilution =

Ωmb +Ωs
Ωs

hν
k

is the temperature equivalent of the transition

is the main-beam dilution correction factor (with Ωmb and Ωs the main-

beam and source solid angles, respectively), and ∆Jν = Jν (Tex )−Jν (Tbg ) where Jν =

hν
1
k exp(hν/kT )−1

and Tbg is the temperature of the cosmic microwave background radiation. For optically thick
>

emission (τ ∼ 1), a correction factor of

τ
1−e−τ

must be applied to Equation 2.1.

For the simple (diatomic) case where the rotational level is not split by higher-order effects
(e.g., fine, hyperfine structures) the calculation of the total column density is straightforward. The
temperature dependent total partition function then reduces to the rotational partition function,
which can be approximated by

Z(Tex ) ≈ Qtot (Tex ) ≈ Qrot (Tex ) ≈

kTex
1
+
,
3 hBrot

(2.2)

where Tex is the excitation temperature of the gas and Brot is the molecular rotational constant (see,
e.g., Mangum & Shirley 2015). Equation 2.2 only applies to the case of linear (and approximately
linear) molecules, such that the molecules have only one (or only one dominant) moment of inertia,
or cases in which the hyperfine structures are not resolved. In the (more complex) case of the
H2 CO molecule, we adopt the values of the partition function provided by the CDMS database and
interpolate to determine the value for the partition function at arbitrary temperatures.
Using the foregoing methods, we obtain source-averaged column densities NX for a range of
excitation temperatures (Tex = 4, 6, 10, 20, 30 K) for the species that are assumed to be optically
thin. Molecular data (e.g., ν, Brot , Aul ) were obtained from the CDMS database. In Table 2.4,
we list these column densities for the foregoing excitation temperatures, along with column density
estimates for 13 CO (2-1). Although the 13 CO (2-1) emission is evidently optically thin (§ 2.4.4), the
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column density estimates for

13 CO

(2-1) were derived from the column density obtained from the

C18 O integrated intensity, adopting isotopic abundance ratios
and

16 O:18 O

12 C:13 C

∼ 68 (Milam et al., 2005)

∼ 480 (Scott et al., 2006).

For all molecules except CN and C2 H (see § 2.4.5), the values of column density (Table 2.4) were
obtained assuming the characterisitic emitting region is a uniform disk of angular radius R = 400 ,
based on results from interferometric studies (e.g., Piétu et al. 2007; Öberg et al. 2010; Chapillon
et al. 2012a). Hence, we have adopted a beam dilution factor5 of fdilution ≈ 1.8 for all molecules
in the disk, corresponding to the half power beam width of the IRAM 30 m telescope at 230 GHz
(10.7”). This simplification introduces modest systematic errors in the values of fdilution and, hence,
column density at the extremes of the frequency range surveyed (i.e., a ∼ 6% underestimate at 210
GHz and a ∼ 30% overestimate at 260 GHz).

2.4.4

Opacities in CO Lines

We can take advantage of the detection of C18 O to estimate the optical depths of the
(2–1) and

12 CO

(2–1) transitions. The optical depth of

13 CO

13 CO

may be estimated by comparing the

expected and measured line ratios for the CO isotopologues. We expect

R=

1 − exp (−τ13 CO )
,
1 − exp (−τ13 CO /X)

where R is the measured

13 CO:C18 O

(2.3)

line ratio and X is the

13 CO:C18 O

abundance ratio. Equa-

tion 2.3 follows directly from the equation of radiative transfer, if it is assumed that the contribution
from the background radiation is negligible and the excitation temperatures of

13 CO

and C18 O are

identical. We adopt a value of X = 7 for the abundance ratio, 13 C:12 C/18 O:16 O, based on the values
12 C:13 C

= 68 and

16 O:18 O

= 480 (as determined from measurements of CN and CO isotopologues

for the local interstellar medium and the Solar System, respectively; Milam et al. 2005; Scott et al.
2006). So, if the emisson from 13 CO is optically thin (τ13 CO  1), we would expect to obtain R ≈ 7.
5

In Kastner et al. (2014), we mistakenly quote the inverse of the beam dilution factor.
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The measured ratio for the J = 2 → 1 transitions for LkCa 15, R ≈ 6.0, therefore confirms that
the emission in the

13 CO

(2-1) line is optically thin, with an implied optical depth of τ13 CO ∼ 0.38.

Similar results were obtained by Qi et al. (2003) from observations of LkCa 15 in the J = 1 → 0
transitions of

13 CO

and C18 O. Then, given the assumptions for the isotopic abundances of carbon,

we expect τ12 CO ≈ 68τ13 CO . Hence, we estimate an optical depth of ∼ 26 for
emission in this transition of

12 CO

12 CO

(2-1), i.e., the

from the LkCa 15 disk is highly optically thick.

We caution that the foregoing estimates of

13 CO

optical depths are potentially subject to large

uncertainties. These CO opacity estimates assume that there is no selective photodissociation or
chemical fractionation across the line profile. Finally (and perhaps least significantly), the

13 CO

line profile is slightly asymmetric (see Figure 2.4), which suggests that the telescope was mispointed
by a few arcseconds for that particular observation, and hence, the intensity of the

13 CO

line may

be a slight underestimate.

2.4.5

CN and C2 H Hyperfine Component Analysis: Optical Depths, Excitation
Temperatures, and Column Densities

The CN and C2 H rotational emission lines display hyperfine splitting (HFS) due to interactions
between electron and nuclear spins (e.g., Ziurys et al. 1982, see Table 2.2). We performed measurement and analysis of the LkCa 15 CN N = 2 → 1 and C2 H N = 3 → 2 spectra — which are
displayed in Figure 2.8 and Figure 2.9, respectively — using a new adaptation of the classical HFS
fitting method not yet implemented in the CLASS software. This adaptation uses two Gaussians
of the same width to fit the double-peaked emission features in our spectrum that result from the
inclined Keplerian disk. The two-Gaussian HFS code makes the simplifying assumption that all the
hyperfine transitions within a given rotational transition share the same excitation temperature.
Fitting all the hyperfine components simultaneously results in the determination of the opacity, τ ,
and excitation temperature, Tex , of the rotational transition (see Kastner et al., 2014). Figure 2.8,
Figure 2.9, and Table 2.5 summarize the results of this analysis for the IRAM 30-m measurements
of the CN and C2 H emission from LkCa 15.
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The determination of the total partition functions Qtot for the CN and C2 H radicals must
account for the nuclear-spin statistics, as discussed in Kastner et al. (2014). The column density is
then computed as

Ntot =

8πν 3 eEl /kTex
c3 1 − e−Tul /Tex

Z
τul dν

Qtot (Tex )
,
Aul gu

(2.4)

where all parameters refer to the particular hyperfine transition of interest. We assume the characteristic emitting region is a uniform disk of angular radius R = 500 , based on results from interferometric studies (e.g., Chapillon et al. 2012a; Öberg et al. 2010). We adopt a beam dilution correction
factor fdilution ≈ 1.1, but the results we obtain are fairly insensitive to the assumed source solid
angle. Following this procedure, we obtain values of Tex ∼ 3.9 K and τ ∼ 2.2 for CN, and Tex ∼ 2.9
and τ ∼ 18 for C2 H, leading to estimates of Ntot (CN) ∼ 0.5 × 1014 cm−2 and Ntot (C2 H) ∼ 2 × 1016
cm−2 for the LkCa 15 disk (Table 2.5). The results for τ indicate the emission in both lines is optically thick, where the reader is reminded that the resulting values of τ represent the total opacity
over the HFS. Hence, the derived values of Tex imply either that the gas is subthermally excited
or that the CN and C2 H emission originates from disk gas at very low temperature. We caution,
however, that the low Tex for CN and C2 H rest on the assumed beam filling factor. In addition, a
less extended disk in these molecules would imply a higher Tex .

2.5

Discussion

In Table 2.4, we list fractional molecular abundances relative to

13 CO,

N(X)/N(13 CO), as

obtained from the calculated source-averaged molecular column densities for LkCa 15 (§ 2.4.3).
We present values of N(X)/N(13 CO) that we obtained by adopting Tex = 4, 6, 10, 20, 30 K. We
caution that these column density estimates may have large systematic uncertainties, given the
uncertainties in the assumed source parameters and, in particular, the assumed source emitting
region solid angles in the various molecules (Piétu et al., 2007; Öberg et al., 2010; Aikawa et al.,
2003; Chapillon et al., 2012a). Nevertheless, our results yield column densities that are overall
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consistent with previous studies of the LkCa 15 disk. This consistency is apparent from Table 2.6,
in which we present a comparison of our column densities and column densities determined by
previous studies. In most cases, our column density estimates agree with previous estimates to
within a factor ∼3. Apart from CN and C2 H (see below), the largest discrepancies appear in
the comparison with results for

13 CO,

C18 O, and HCO+ published by Qi et al. (2003); the large

differences between column density results in these cases can be attributed to the constrasting beam
sizes of OVRO (∼ 3”) and IRAM (∼ 12”).
It should be noted that for LkCa 15, we derive column densities for CN and especially for
C2 H that are relatively high; in the latter case, the inferred source-averaged column density is
similar to that of

13 CO.

Specifically, we derive N(CN)/N(13 CO) and N(C2 H)/N(13 CO) values of

approximately 0.01 and 3.4, respectively, adopting Tex = 4 K. The former result is somewhat
smaller than that quoted for LkCa 15 in Kastner et al. (2014), where the difference reflects our
refined treatment of CN optical depth and excitation temperature (§ 2.4.5), as well as different
assumptions regarding beam filling factors. In deriving our column densities, we assumed that all
the molecular emission is distributed within a smooth disk, but clearly this may not be the case. If
the CN or C2 H emission were instead restricted to specific regions of the disk, we could be severely
underestimating the column densities of these molecular species. Thus, it is imperative to obtain
high signal-to-noise interferometric images to study the surface brightness distribution for these
highly abundant molecules.
It is possible that high-energy (FUV and/or X-ray) radiation from the central star may be
enhancing the abundances of CN and C2 H in T Tauri disks (Kastner et al. 1997, 2008b, 2014;
Dutrey et al. 1997; Thi et al. 2004; Henning et al. 2010). Suggestions about the influence of X-rays
on disk chemistry were made by Kastner et al. (2008b), Thi et al. (2004), Salter et al. (2011) to
explain enhanced HCN and HCO+ line fluxes, and by Kastner et al. (2014) to explain the enhanced
abundances that were found for CN and C2 H for TW Hya and V4046 Sgr.
We also find very low values of excitation temperature for CN and C2 H (Tex ∼ 3-5 K) in the
LkCa 15 disk. These determinations of low Tex may indicate that the emission from CN and C2 H
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arises from regions that are deep within the disk. Hence, as noted by Kastner et al. (2014), it
may be that the abundances of CN and C2 H are being enhanced by X-rays as opposed to extreme
FUV photons, since X-rays can penetrate deeper into disks (e.g., Skinner & Güdel 2013; Cleeves,
Adams, & Bergin 2013). Indeed, Skinner & Güdel (2013) found that LkCa 15 is an X-ray luminous
source, with a spectral energy distribution that contains contributions from both soft and hard
components. This combination may increase the abundances of species (like C2 H) that are the
dissociation products of complex organic molecules. Alternatively, the CN and C2 H molecules may
reside in tenuous regions of the disk where collision probabilities are low, such that the molecules
are subthermally excited.
Our estimates of Ntot (CN) and Ntot (C2 H) for the LkCa 15 disk (Table 2.5) are similar to those
found for the TW Hya and V4046 Sgr disks (Kastner et al. 2014, their Table 5). Hence, it appears
that large relative abundances of C2 H (as well as CN; see Chapillon et al. 2012a) may be a common
feature of evolved protoplanetary disks. The excitation temperatures that we find for CN and C2 H
(Tex ∼ 3-5 K) in the LkCa 15 disk are similar to, though even lower than, those determined by
Kastner et al. (2014) for TW Hya and V4046 Sgr; futhermore, we have inferred relatively large
values for the optical depths of CN and C2 H for all three of these disks. Subsequently, Submillimeter
Array imaging of TW Hya revealed that C2 H emission emenates from a ring-like structure, with
an inner radius (∼ 45 AU) that appears to lie between the CO “snow line” (as traced by the ∼ 30
AU-diameter hole in N2 H+ ) and the outer boundary of large-grain emission at ∼ 60 AU (Kastner
et al., 2015b). Given the similarity of the TW Hya and LkCa 15 disks in terms of the excitation
and optical depth of C2 H, it is likely that the C2 H (and possibly CN) emission from LkCa 15 also
originates from a ring-like structure.
We present fractional abundances with respect to

13 CO,

N(X)/N(13 CO) in Table 2.7, where

we cite the results of Thi et al. (2004) as a cross-check of our results. This table illustrates that
CN and C2 H are enhanced in evolved T Tauri star disks relative to other astronomical objects,
especially with respect to YSOs and even the expanding, C-rich envelope of the classical carbon star
IRC+10216, in which the abundances of carbon-bearing molecules are strongly enhanced. Thus,
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our line survey of LkCa 15 reinforces previous assertions (e.g., Kastner et al. 2014 and references
therein) that there must be some mechanism that is enhancing the abundances of CN and C2 H in
protoplanetary disks.

2.6

Summary

We have used the Institute de Radioastronomie Millimétrique (IRAM) 30 meter telescope and
the EMIR fast fourier transform spectrometers to conduct a comprehensive mm-wave emission line
survey of the circumstellar disk orbiting the nearby, pre-main sequence (T Tauri) star LkCa 15
over the 210-267 GHz (1.4 - 1.1 mm) range. We find that lines of

12 CO,

HCO+ , HCN,

13 CO,

CN,

C2 H, CS, H2 CO, and C18 O constitute the strongest molecular emission from the LkCa 15 disk in
the spectral region surveyed. The J = 5 → 4 transition of CS and the (J = 313 → 212 ) transition
of H2 CO are detected for the first time in the LkCa 15 disk. We use simultaneous measurements
of CO and its isotopologues (i.e.,
of CO and

13 CO

13 CO

and C18 O) to estimate the optical depths of the transitions

observed; we find that

13 CO

emission is optically thin, and emission from

12 CO

is highly optically thick. The survey also includes first measurements of the full suite of hyperfine
transitions of CN N = 2 → 1 and C2 H N = 3 → 2. Modeling of these CN and C2 H hyperfine
complexes indicates that the emission from both species is optically thick and suggests either that
the emission from these molecules originates from either very cold (<10 K) regions of the disk, or
that the molecules reside in less dense upper atmosphere regions of the disk and are subthermally
excited. We also find that the column densities for CN and C2 H are comparable to those of
isotopologues of CO, implying that these molecules are very abundant in the disk of LkCa 15.
As with our molecular line surveys of TW Hya and V4046 Sgr (Kastner et al., 2014), the results
of our molecular line survey of LkCa 15 stress the need for additional molecular line surveys of
protoplanetary disks that cover a range of pre-MS evolutionary states; interferometric imaging of
protoplanetary disks in transitions of CN and C2 H, as well as other potential molecular tracers
of UV and/or X-ray radiation; and detailed modeling of T Tauri star-disk systems that includes
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the effects of high-energy radiation on disk chemistry and is constrained by observations of pre-MS
UV and X-ray fields. In general, we note that interferometric spectral surveys will become very
important in the upcoming years. Unbiased line surveys carried out with interferometers would
allow for the simultaneous determination of the chemical inventory of disks and the emitting regions
sizes and morphologies of these molecules.
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Table 2.1. LkCa 15: Molecular Species Detected in the IRAM 30 m Line Survey
Species

Transition

12

CO
CO
C18 O
CN

J =2→1
J =2→1
J =2→1
N =2→1

CS
C2 H

J =5→4
N =3→2

13

HCN
HCO+
DCN
DCO+
H2 CO

a

J
J
J
J

J =3→2
J =3→2
J =3→2
J =3→2
= 313 → 112
= 303 → 202
= 322 → 221
= 312 → 211

ν
(GHz)

Tmb
(K)

vd a
(km s−1 )

230.5380000
220.3986765
219.5603568
226.6321901
226.6595584
226.6636928
226.6793114
226.8741908
226.8747813
226.8758960
226.8874202
226.8921280
244.9356435
262.0042266
262.0064034
262.0648433
262.0673312
265.8861800
267.5575260
217.2386307
216.1125766
211.2114680
218.2221920
218.4756320
225.6977750

0.542
0.201
0.038
0.036
0.079
0.040
0.042
0.183
...
...
0.020
0.015
0.064
0.049
...
0.033
...
0.238
0.334
0.019
0.015
0.056
0.032
<0.008
0.058

1.128
1.184
1.124
1.413
1.084
1.228
1.251
1.431
...
...
1.762
1.188
1.245
1.128
...
1.128
...
1.411
1.298
1.128
1.128
1.300
1.134
1.128
1.093

I
(K km s−1 )

f

1.441
0.550
0.092
0.108
0.226
0.118
0.112
0.681b
...
...
0.081
0.062
0.182
0.269c
...
0.152d
...
0.732
1.024
0.152e
0.118e
0.147
0.085
<0.060
0.136

As defined by Kastner et al. (2008b).

b
Sum of integrated intensities of hyperfine structure lines in range 226.87419226.87590 GHz.
c
Sum of integrated intensities of hyperfine structure lines in range 262.00426262.00649 GHz.
d

Sum of integrated intensities of hyperfine structure lines in range 262.06498262.06747 GHz.
e
Tentative detection.
F

f
Jy/K for
These line intensities can be converted to Jy km s−1 using 3.906 Aef
ef f
∗
S/TA , the point source sensitivity, with Fef f = 0.92 and Aef f = 0.46 (aperture
efficiency), where these represent mean values for the IRAM 30 m telescope in
the 1.3 mm window.

f
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J
J
J
J
J
J
J
J
J
J
J
J
J

= 3/2 → 1/2, F
= 3/2 → 1/2, F
= 3/2 → 1/2, F
= 3/2 → 1/2, F
= 5/2 → 3/2, F
= 5/2 → 3/2, F
= 5/2 → 3/2, F
= 5/2 → 3/2, F
= 5/2 → 3/2, F
= 7/2 → 5/2, F
= 7/2 → 5/2, F
= 5/2 → 3/2, F
= 5/2 → 3/2, F

= 3/2 → 3/2
= 5/2 → 3/2
= 1/2 → 1/2
= 3/2 → 1/2
= 5/2 → 3/2
= 7/2 → 5/2
= 3/2 → 1/2
= 3/2 → 3/2
= 5/2 → 5/2
=4→3
=3→2
=3→2
=2→1

Transition

226.6321901
226.6595584
226.6636928
226.6793114
226.8741908
226.8747813
226.8758960
226.8874202
226.8921280
262.0042600
262.0064820
262.0649860
262.0674690

ν a
(GHz)
gu

4
6
2
4
6
8
4
4
6
9
7
7
5

Aul a
(s−1
4.26 × 10−5
9.47 × 10−5
8.47 × 10−5
5.27 × 10−5
9.62 × 10−5
1.14 × 10−4
8.59 × 10−5
2.73 × 10−5
1.81 × 10−5
5.32 × 10−5
5.12 × 10−5
4.89 × 10−5
4.47 × 10−5

a

0.0533
0.1776
0.0529
0.0659
0.1805
0.2860
0.1074
0.0342
0.0340
0.3213
0.2404
0.2296
0.1501

Relative Intensities

a

0.106
0.221
0.116
0.110
0.667b
...
...
0.080
0.060
0.284c
...
0.160d
...

I
(K km s−1 )

Sum of integrated intensities of hyperfine structure lines in range 226.87419-226.87590 GHz.

Sum of integrated intensities of hyperfine structure lines in range 262.06498-262.06747 GHz.

Sum of integrated intensities of hyperfine structure lines in range 262.00426-262.00649 GHz.

d

c

b

Values of frequencies, Aul , gu , and theoretical relative intensities of hyperfine transitions of CN and C2 H obtained from the CDMS
database. CN line frequencies were measured in the laboratory by Skatrud et al. (1983) and the fitted values from the CDMS database
are from Müller et al. (2000).

a

C2 H
(N = 3 → 2)

CN
(N = 2 → 1)

Species
(Rotational Transition)

Table 2.2. Transitions of CN and C2 H
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Table 2.3. LkCa 15: Molecular Transitions Observed to Date
Species

12

CO

13

CO

C18 O

CN

CS

CCS

C2 H

HCN

HCO+

H13 CO+
DCN
DCO+

Transition

ν
(GHz)

Id
(K km s−1 )b

I
(Jy km s−1 )e

Referencesa

J =2→1
J =3→2
J =6→5
J =1→0
J =2→1
J =3→2
J =1→0
J =2→1
J =3→2
N =2→1

230.5380000
345.7959899
691.4730763
110.2013541
220.3986765
330.5879601
109.7821734
219.5603568
329.3305453
226.6321901
226.6595584
226.6636928
226.6793114
226.8741908
226.8747813
226.8758960
226.8874202
226.8921280
340.2485764
146.9690287
244.9356435
342.8830000
90.6863810
93.8701070
144.2448364
87.3286240
174.6632220
174.6676850
262.0042266
262.0064034
262.0648433
262.0673312
88.6318470
265.8861800
354.5054759
89.1885230
267.5575260
356.7341340
86.7542884
346.9983360
217.2386307
216.1125766
360.1697771

1.42, 1.82
1.17, . . . n
1.9

13.94, . . . g , 12.5, . . . g , . . . g

1, 2, 3, 9, 10, 11, 12
2, 13
13
9, 10
1, 9
2, 13
10
1, 2
2
1
1
1
1, 3
1
1, 3, 6
1
1
1
2
15
1
2
7
7
7
4
4
4
1
1
1
1
6
1, 3
2
9, 10, 11, 12
1, 3
2
10
2
1, 3
1, 3
2

J = 3 27 → 2 52
J =3→2
J =5→4
J =7→6
J = 7, 7 → 6, 8
J = 7, 8 → 6, 7
J = 11, 12 → 10, 11
J =1→0
J =2→1
J =2→1
N =3→2

J
J
J
J
J
J
J
J
J
J
J

=1→0
=3→2
=4→3
=1→0
=3→2
=4→3
=1→0
=4→3
=3→2
=3→2
=5→4

0.53
0.39, . . . n

. . . g , 6.39
...g
1.90

0.09, <0.20
<0.14
0.11
0.22
0.12
0.11
0.67i
...i
...i
0.08
0.06
0.67
...g
0.18
<0.08h
<0.010h
<0.008h
0.061

6.80
1.16, . . . g

...g
...g
...g
0.28j
...j
0.16k
...k
0.78
0.25
1.10
0.26

...g
5.52
. . . g , 3.30, . . . g , . . . g
5.19
<0.88

<0.13
<0.15
<0.11
<0.10

0.41
0.51
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Table 2.3 (cont’d)
Species

Transition

ν
(GHz)

N2 H+

J = 11 → 01
J = 12 → 01
J = 10 → 01
J =3→2
J =4→3
J = 110 → 111
J = 212 → 111
J = 313 → 212
J = 303 → 202
J = 322 → 221
J = 312 → 211
J = 431 → 330
J = 515 → 414
J = 10 → 9
J = 12 → 11
J = 16 → 15
J = 2K → 1K
J = 42 → 31 E+
J = 5K → 4K
J = 21,2 → 10,1
J = 61,6 → 50,5
J = 60,6 → 51,5
J = 223 → 112
J = 3 4 → 23
J = 5 6 → 45
J = 110 → 101

93.1718800
93.1737000
93.1761300
279.5117010
372.6725090
372.4213850
140.8395020
211.2114680
218.2221920
218.4756320
225.6977750
291.3804880
351.7686450
90.9790230
109.1736340
145.5609460
96.741371
218.440063
241.791352
85.3388930
217.8221480
217.8221480
99.2998700
138.1786000
219.9494420
168.7627624

H2 D+
H2 CO

HC3 N

CH3 OH

c-C3 H2

SO

H2 S

Id
(K km s−1 )b

<0.10
<0.10
0.17
0.14
0.08, 0.14
<0.06, <0.10
0.13, 0.10

I
(Jy km s−1 )e

Referencesa

0.15l , 3.83l
...l
...l
0.71

8, 10
8
8
3
2
2
2
1
1, 2, 3
1, 2
1, 2
3
2
7
7
7
2
2
2
5
5
5
15
5
5
15

0.66

1.12
0.29
<0.010h
<0.015h
0.017h
<0.05
<0.10
<0.10
...f
...f
...f
...f
...f
...f
...f

a
References: 1. this work; 2. Thi et al. (2004); 3. Öberg et al. (2010); 4. Henning et al. (2010); 5. Fuente et al.
(2010); 6. Chapillon et al. (2012a); 7. Chapillon et al. (2012b); 8. Dutrey et al. (2007); 9. Piétu et al. (2007); 10.
Qi et al. (2003); 11. Duvert et al. (2000); 12. Simon et al. (2000); 13. Thi et al. (2001); 14. van Zadelhoff et al.
(2001); 15. Dutrey et al. (2011)
b

Integrated line intensities are quoted in main beam temperature scale using Tmb

=

Fef f
Bef f

∗
TA
.

See

http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies.
c

Integrated line intensities for hyperfine complexes centered at the listed frequencies (see Table 2.2).
F

∗
These values can be converted to Jy km s−1 using 3.906 Aef f Jy/K for S/TA
, the point source sensitivity, with
ef f
Fef f = 0.92 and Aef f = 0.46. See http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies.
d

e

Integrated line intensities quoted in Jy km s−1 are for measurements by interferometers.

f

These transitions were searched for, but not detected.

g

These transitions were detected, but line intensities were not tabulated in the given references.
F

∗
These values were converted from Jy km s−1 using 3.906 Aef f Jy/K for S/TA
, the point source sensitivity, with
ef f
Fef f = 0.95 and Aef f = 0.63. See http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies.
h

i

Sum of integrated intensities of hyperfine structure lines in range 226.87419-226.87590 GHz.

j

Sum of integrated intensities of hyperfine structure lines in range 262.00426-262.00649 GHz.

k
l

Sum of integrated intensities of hyperfine structure lines in range 262.06498-262.06747 GHz.

Sum of integrated intensities of hyperfine structure lines in range 93.17188-93.17613 GHz.

m
n

Integrated intensities are corrected for main-beam efficiency.

Profiles fitted with two Gaussians, but the total integrated intensity is not tabulated.
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Table 2.4. Column Densities
Species (Transition)

a

ν
(GHz)

Aul
(s−1 )

Tex
(K)

Z(T)

NX
(cm−2 )

NX /N13 CO

CO (2–1)b

220.398686

...

C18 O (2–1)

219.560357

6.012 × 10−7

CS (5–4)

244.9356

2.981 × 10−4

HCN (3–2)

265.886431

8.356 × 10−4

HCO+ (3–2)

267.557633

1.453 × 10−3

DCN (3–2)

217.2386

4.575 × 10−4

DCO+ (3–2)

216.1126

7.658 × 10−4

H2 CO (3–2)

211.2115

2.271 × 10−4

H2 CO (3–2)

218.2222

2.818 × 10−4

30
20
10
6
4
30
20
10
6
4
30
20
10
6
4
30
20
10
6
4
30
20
10
6
4
30
20
10
6
4
30
20
10
6
4
30
20
10
6
4
30
20
10

...
...
...
...
...
11.721
7.925
4.129
2.610
1.852
25.852
17.346
8.840
5.437
3.736
14.439
9.737
5.035
3.154
2.214
14.351
9.678
5.006
3.137
2.202
17.598
11.843
6.088
3.786
2.635
17.688
11.903
6.118
3.804
2.647
73.902
46.495
19.089
8.126
2.645
73.902
46.495
19.089

6.98 × 1014
6.18 × 1014
7.28 × 1014
1.41 × 1015
4.65 × 1015
9.97 × 1013
8.82 × 1013
1.04 × 1014
2.02 × 1014
6.64 × 1014
9.91 × 1011
1.20 × 1012
3.65 × 1012
2.49 × 1013
3.92 × 1014
1.12 × 1012
1.16 × 1012
2.18 × 1012
7.84 × 1012
5.50 × 1013
9.12 × 1011
9.47 × 1011
1.80 × 1012
6.54 × 1012
4.65 × 1013
< 2.67 × 1011
< 2.55 × 1011
< 3.83 × 1011
< 1.02 × 1012
< 5.04 × 1012
< 1.23 × 1011
< 1.17 × 1011
< 1.75 × 1011
< 4.64 × 1011
< 2.27 × 1012
1.43 × 1012
1.07 × 1012
7.50 × 1011
6.75 × 1011
6.41 × 1011
7.24 × 1011
5.46 × 1011
3.89 × 1011

...
...
...
...
...
...
...
...
...
...
1.42 × 10−3
1.95 × 10−3
5.01 × 10−3
1.76 × 10−2
8.43 × 10−2
1.60 × 10−3
1.87 × 10−3
2.99 × 10−3
5.55 × 10−3
1.18 × 10−2
1.31 × 10−3
1.53 × 10−3
2.47 × 10−3
4.63 × 10−3
9.99 × 10−3
< 3.82 × 10−4
< 4.14 × 10−4
< 5.25 × 10−4
< 7.24 × 10−4
< 1.09 × 10−3
< 1.76 × 10−4
< 1.90 × 10−4
< 2.40 × 10−4
< 3.29 × 10−4
< 4.88 × 10−4
2.05 × 10−3
1.73 × 10−3
1.03 × 10−3
4.78 × 10−4
1.38 × 10−4
1.04 × 10−3
8.84 × 10−4
5.34 × 10−4

13
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Table 2.4 (cont’d)
Species (Transition)

ν
(GHz)

Aul
(s−1 )

H2 CO (3–2)

218.4756

1.571 × 10−4

H2 CO (3–2)

225.6978

2.772 × 10−4

Tex
(K)

Z(T)

NX
(cm−2 )

NX /N13 CO

6
4
30
20
10
6
4
30
20
10
6
4

8.126
2.645
73.902
46.495
19.089
8.126
2.645
73.902
46.495
19.089
8.126
2.645

3.56 × 1011
3.45 × 1011
< 9.27 × 1011
< 6.99 × 1011
< 4.98 × 1011
< 4.56 × 1011
< 4.43 × 1011
5.14 × 1011
3.89 × 1011
2.81 × 1011
2.63 × 1011
2.61 × 1011

2.52 × 10−4
7.43 × 10−5
< 1.33 × 10−3
< 1.13 × 10−3
< 6.83 × 10−4
< 3.23 × 10−4
< 9.52 × 10−5
7.36 × 10−4
6.30 × 10−4
3.87 × 10−4
1.86 × 10−4
5.61 × 10−5

a

Beam-averaged column densities assuming optically thin emission and adopting source radii (for
all molecules) of 400 See § 2.4.3.
b13

CO column densities derived directly from the C18 O intensity assuming [16 O:18 O]/[12 C:13 C] =
7 (Scott et al., 2006; Milam et al., 2005).
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)

v0
(km s

−1

)

a

2.23 ± 0.45
18.1 ± 0.3

τ

3.9+0.2
−0.2
2.9−0.1
+0.1

Tex
(K)

b

12
4.9−0.3
+0.2 × 10
−0.1
15
2.3+0.0 × 10

Ntot /Qtot
(cm−2 )

14
0.54−0.02
+0.01 × 10
−0.31
16
1.6+0.41 × 10

Ntot d
(cm−2 )

To make the two component Keplerian fit, we first fit one of the doppler-shifted components and then demanded that the
intensity and the line width of the second component be the same as the first.

e

Column densities assuming a source diameter of 1000 for both molecules. See § 2.4.5.

From a linear interpolation to tabulated partition function values obtained from the CDMS database.

d

c

c

10.97+0.42
−0.42
7.1+0.18
+0.18

Qtot (Tex )

From Equation 2.4, § 2.4.5.

1.40 ± 0.03
1.39 ± 0.06

∆v e
(km s−1 )

Total opacity obtained as the sum of individual hyperfine line opacities τul , where τul = R.I. × τ .

7.38 ± 0.03
7.47 ± 0.07

e

b

5.42 ± 0.03
5.18 ± 0.11

(km s

−1

a

CN
C2 H

Species

Table 2.5. Results of CN and C2 H Hyperfine Structure Analysis
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Table 2.6. Column Density Comparisons

Species

13

CO

C18 O
CS

HCN

HCO+

DCO+
H2 CO
CN

C2 H

This Study
NX
(cm−2 )
9.97 × 1013
6.18 × 1014
7.28 × 1014
9.97 × 1013
1.20 × 1012
3.65 × 1012
2.49 × 1013
1.16 × 1012
2.18 × 1012
7.84 × 1012
9.12 × 1011
9.47 × 1011
9.47 × 1011
1.80 × 1012
< 1.17 × 1011
< 1.75 × 1011
(0.39 − 1.07) × 1012
(0.39 − 1.07) × 1012
(0.52 − 0.55) × 1014
(0.52 − 0.55) × 1014
(0.52 − 0.55) × 1014
(1.29 − 2.01) × 1016

Previous Studies
Tex
Reference
(K)

Tex
(K)

NX
(cm−2 )

30
20
10
30
20
10
6
20
10
6
30
20
20
10
20
10
20
20
3.9 ± 0.2
3.9 ± 0.2
3.9 ± 0.2
2.9 ± 0.1

1.11 × 1016
3.6 × 1014
2.6 ± 0.2 × 1015
3.31 × 1015
5.1 × 1012
< 1.2 × 1013
8.7 ± 1.6 × 1012
1.8 × 1012
4.3 × 1012
10.6 ± 1.5 × 1012
9.25 × 1012
3.3 × 1011
8.0 ± 0.5 × 1012
7.8 × 1011
< 2.9 × 1011
< 1.1 × 1011
(0.7 − 1.9) × 1013
7.2 × 1012
1.5 × 1013
3.4 × 1013
58 ± 5 × 1012
2.9 ± 1.1 × 1013

30
25
13.7
30
25
10
8.7
25
10
7.0 ± 0.6
30
25
19
10
25
10
25
20
25
10
8.8 ± 0.3
6.3 ± 1.4

a

2
3
4
2
3
6
7
3
6
8
2
3
4
6
3
6
1
3
3
6
8
5

a

References: 1. Aikawa et al. (2003); 2. Qi et al. (2003); 3. Thi et al. (2004); 4. Piétu
et al. (2007); 5. Henning et al. (2010); 6. Fuente et al. (2010); 7. Dutrey et al. (2011); 8.
Chapillon et al. (2012a)
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1.7(-3)
...
...
<7.0(-3)
0.08
8

V4046 Sgr
2
1.4(-3)
2.4(-4)
2.6(-3)
1.1(-3)
...
...

IRAS 4A
3
7.1(-4)
3.3(-4)
3.1(-3)
7.9(-4)
...
...

5.6(-4)
5.8(-4)
8.4(-4)
9.6(-4)
9.6(-4)
3.2(-3)

YSO
IRAS 4B IRS 7B
3
4c

13 CO,

6.6(-4)
8.4(-4)
...
1.8(-3)
4.8(-5)
1.3(-4)

IRAS 16293
5c

0.56
2.5(-3)
...
0.01
0.01
0.09

c

Carbon Star
IRC +10216
6, 7

N (X)/N (13 CO)

Values adapted from Table 5 of Schöier et al. 2002 (IRAS 16293), Table 4 of Watanabe et al. 2012 (IRS 7B), and Table 5 of
Pulliam et al. 2011 (IRC +10216), assuming N (H2 )/N (13 CO) = 6 × 105 .

c

1. Thi et al. 2004; 2. Kastner et al. 2014; 3. Blake et al. 1995; 4. Watanabe et al. 2012; 5. Schöier et al. 2002; 6. Groesbeck et al.
1994; 7. Pulliam et al. 2011

b

a
Abundances computed assuming Tex = 20 K, except for CN (Tex ≈ 3.9 K) and C2 H (Tex ≈ 2.9 K), where we adopt N (13 CO) at
Tex = 4 K

2.6(-3)
...
...
5.8(-3)
0.40
21

1.87(-3)
1.53(-3)
0.63-2.43(-3)
1.95(-3)
0.01
3.4

HCN
HCO+
H2 CO
CS
CN
C2 H

5.0(-3)
9.17(-4)
0.39-4.72(-3)
...
0.04
...

Protoplanetary Disk
LkCa 15
TW Hya
This work a
1
2

Molecule

Table 2.7. Comparison of Fractional Abundances Relative to
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Figure 2.1: Receiver temperatures (top), system temperatures (middle), and signal-band opacities
(bottom) as functions of frequency during the LkCa 15 spectral survey.
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Figure 2.2: IRAM EMIR spectral coverage for the LkCa 15 spectral survey.
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Figure 2.3: Spectra of all molecular transitions that have been studied in our IRAM 30m line survey
of LkCa 15. Ordinate is velocity with respect to the local standard of rest (in km s−1 ) and abscissa
is line flux (in K); for clarity, spectral regions (other than 12 CO) have been shifted upwards, and
lines have been rescaled.
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Figure 2.4: IRAM 30m spectra of 12 CO (J = 2 → 1) (top), 13 CO (J = 2 → 1) (middle), and C18 O
(J = 2 → 1) (bottom) detected in LkCa 15 (blue histogram) overlaid with parametric Keplerian
model line profiles (see § 2.4.2). Ordinate is velocity with respect to the local standard of rest (in
km s−1 , with frequencies in MHz at the top of the panel) and abscissa is line flux (in K).
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Figure 2.5: IRAM 30m spectra of HCO+ (J = 3 → 2) (top), HCN (J = 3 → 2) (middle), and CS
(J = 5 → 4) (bottom) detected in LkCa 15 (blue histogram) overlaid with parametric Keplerian
model line profiles (see § 2.4.2). Ordinate is velocity with respect to the local standard of rest (in
km s−1 , with frequencies in MHz at the top of the panel) and abscissa is line flux (in K).
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Figure 2.6: IRAM 30m spectra of H2 CO (J = 313 → 212 ) (top), H2 CO (J = 303 → 202 ) (middle),
and H2 CO (J = 312 → 211 ) (bottom) detected in LkCa 15 (blue histogram) overlaid with parametric
Keplerian model line profiles (see § 2.4.2). Ordinate is velocity with respect to the local standard
of rest (in km s−1 , with frequencies in MHz at the top of the panel) and abscissa is line flux (in K).
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Figure 2.7: IRAM 30m smoothed spectra of DCN (J = 3 → 2) (top) and DCO+ (J = 3 → 2)
(bottom) detected in LkCa 15 (blue histogram) (see § 2.4.2). Ordinate is velocity with respect to
the local standard of rest (in km s−1 , with frequencies in MHz at the top of the panel) and abscissa
is line flux (in K).
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Figure 2.8: Full spectra of hyperfine components of CN observed toward LkCa 15. The red lines
indicate the positions and relative intensities of the hyperfine components (See Table 2.2). The
spectra are overlaid with the best-fit models obtained via the method described in § 2.4.5. The
residuals from the fit are below the spectra.

Figure 2.9: Full spectrum of hyperfine components of C2 H observed toward LkCa 15. The red lines
indicate the positions and relative intensities of the hyperfine components (See Table 2.2). The
spectrum is overlaid with the best-fit models obtained via the method described in § 2.4.5. The
residuals from the fit are below the spectrum.
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CHAPTER

3

IS THE YOUNG STAR RZ PISCIUM CONSUMING ITS OWN
(PLANETARY) OFFSPRING?

Note: This chapter is a paper than has been published in The Astronomical Journal, Volume
155, Issue 1, article id. 33, 2018. The description of the data analysis and results in Sections 3.4.1,
3.4.3, and 3.4.4 are primarily the work of co-authors C. Pilachowski and C. Melis.
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3.1

Abstract

The erratically variable star RZ Piscium (RZ Psc) displays extreme optical dropout events and
strikingly large excess infrared emission. To ascertain the evolutionary status of this intriguing star,
we obtained observations of RZ Psc with the European Space Agency’s X-ray Multi-Mirror Mission
(XMM-Newton), as well as high-resolution optical spectroscopy with the Hamilton Echelle on the
Lick Shane 3 m telescope and with HIRES on the Keck I 10 m telescope. The optical spectroscopy
data demonstrate that RZ Psc is a pre-main sequence star with an effective temperature of 5600
± 75 K and log g of 4.35 ± 0.10. The ratio of X-ray to bolometric luminosity, log LX /Lbol , lies in
the range −3.7 to −3.2, consistent with ratios typical of young, solar-mass stars, thereby providing
strong support for the young-star status of RZ Psc. The Li absorption line strength of RZ Psc
suggests an age in the range 30–50 Myr, which in turn implies RZ Psc lies at a distance of ∼170 pc.
Adopting this estimated distance, we find the Galactic space velocity of RZ Psc to be similar to the
space velocities of stars in young moving groups near the Sun. Optical spectral features indicative
of activity and/or circumstellar material are present in our spectra over multiple epochs, which
provide evidence for the presence of a significant mass of circumstellar gas associated with RZ Psc.
We suggest that the destruction of one or more massive orbiting bodies has recently occurred within
1 au of the star, and we are viewing the aftermath of such an event along the plane of the orbiting
debris.

3.2

Introduction

What is the nature of the enigmatic field star RZ Piscium (RZ Psc)? This curious case has been
debated for decades (Potravnov et al., 2014b). There exists significant evidence that RZ Psc may
be a young main sequence star with a dusty disk that is in the late stages of planet formation (de
Wit et al. 2013; Grinin et al. 2015, and references therein). The star’s sharp dropouts in optical
magnitude and its large IR excess have prompted the suggestion that a collisionally active asteroid
belt is present in orbit around the star (de Wit et al., 2013; Kennedy et al., 2017). Such a scenario
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is similar to that proposed to explain UX Orionis objects, a class of young stars whose photometric
variability is caused by variable circumstellar extinction (Herbst et al., 1994).
Indeed, most age estimates for RZ Psc are based on the assumption that RZ Psc is a UX Oritype object. The age of RZ Psc was estimated from the equivalent width (EW) of the lithium 6708
Å line as ∼10-70 Myr, intermediate between the median ages of stars in the Pleiades and Orion
clusters (Grinin et al., 2010). Potravnov & Grinin (2013) estimated an age of 25 ± 5 Myr and
concluded that the disk orbiting RZ Psc is in transition from primordial disk to debris disk.
However, it is worth considering whether RZ Psc might be an evolved star, given that aperiodic
optical dropouts are also observed in such cases (e.g., WD 1145+017; Vanderburg et al., 2015).
Indeed, RZ Psc’s high Galactic latitude (b ∼
= 35◦ ) and lack of association with any known young
stellar group might suggest evolved star status. If RZ Psc is an evolved giant, its disk may be a
consequence of the destruction of a low-mass stellar companion or massive planet when the star
expanded to become a red giant. Melis (2009) chose to call such dusty, first ascent giant stars
“Phoenix Giants” because of their similarities to T Tauri stars (specifically, high Li abundance and
strong infrared excess; Potravnov et al., 2014b).
Furthermore, the strong IR excess associated with RZ Psc (LIR /Lbol ∼ 8%, de Wit et al. 2013)
would be very peculiar if the star is as old as ∼25 Myr. Typically, only cloud-embedded pre-main
sequence stars have IR excesses this large (Figure 1 in Mamajek, 2009). Many hundreds of young
and main sequence solar-type stars have been studied over the past few decades (since the launch of
the Infrared Astronomical Satellite), yet few have been found to have LIR /Lbol as large as or larger
than that of RZ Psc (examples are TYC 8241 2651 1 and V488 Per; Melis et al., 2012; Zuckerman
et al., 2012). However, while RZ Psc’s level of IR excess is very unusual for a dusty debris disk, it
is quite common for a Phoenix Giant (Zuckerman et al., 2008b; Melis et al., 2009; Melis, 2009).
Attempts to distinguish between these evolutionary possibilities – i.e., a young star with a
protoplanetary disk versus an evolved star with disk derived from the destruction of a companion –
can be quite problematic. X-ray observations may provide key evidence about stellar properties that
can break this degeneracy, as has been demonstrated in the case of BP Psc (Kastner et al., 2010b).
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BP Psc was initially classified as a classical T Tauri star based on its strong Hα and forbidden line
emission (Stephenson, 1986b), although it is located at high galactic latitude, far from any known
star-forming regions. Zuckerman et al. (2008b) discovered an orbiting, dusty circumstellar disk
and a parsec-scale system of highly collimated outflows, which is consistent with the classification
of BP Psc as a pre-main sequence star. However, the location of BP Psc in the sky, its weak
lithium 6708 Å line, its gravity-sensitive photospheric absorption, the Spitzer Infrared Spectrograph
spectrum of highly crystalline sub-micron-sized dust grains in its circumstellar disk (Melis et al.,
2010), and the millimeter-wave molecular spectrum of its circumstellar disk are atypical for pre-main
sequence (pre-MS) star-disk systems (Kastner et al., 2008a). Chandra X-ray observations of BP Psc
revealed that the star is a weak X-ray point source and its X-ray luminosity ratio (log (LX /Lbol ) ∼
-5.8 to -4.2) lies in the range that is observed for rapidly rotating (FK Com-type) G stars (Kastner
et al., 2010b). Hence, the Chandra results favor a scenario wherein the disk/jet system of BP Psc
is the result of a very recent engulfment of a companion as the star ascended the giant branch.
To investigate whether the X-ray properties of RZ Psc might similarly discriminate between
these potential competing models for its evolutionary state — i.e., young versus evolved star — we
have obtained observations of the star with XMM-Newton. To further aid in determining the nature
of the RZ Psc system, we obtained optical spectroscopic observations with the Hamilton Echelle on
the Lick Shane 3 m telescope and with HIRES on the Keck I 10 m telescope. The observations and
data reduction are described in Section 3.3, the results and analysis are described in Section 3.4, a
discussion of the results is presented in Section 3.5, and a summary of the results and an outlook
for future work is presented in Section 3.6.

3.3
3.3.1

Observations
XMM-Newton European Photon Imaging Cameras (EPIC)

RZ Psc was observed by XMM-Newton (Jansen et al., 2001) for ∼38.8 ks on 2015 January 2–3
during revolution 2759. The observations were conducted with the pn, MOS1, and MOS2 CCD
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arrays of the European Photon Imaging Cameras (EPIC) (Strüder et al., 2001; Turner et al., 2001)
operating in full frame mode.
We also obtained simultaneous optical and UV observations with the Optical Monitor available
on XMM-Newton. A summary of the XMM-Newton observations and exposure times is listed in
Tables 3.1 and 3.2. Processing of the raw event data was performed, using standard methods, via
the XMM-Newton Science Analysis System (SAS version 14.0).
In Figure 3.1, we present the merged EPIC pn, MOS1, and MOS2 X-ray images centered near
the position of the target star. RZ Psc is the brightest of the few dozen X-ray sources detected in
the observation. The associated X-ray source lies at 01h 09m 42s .05, 27◦ 570 01 9500 , coincident with
the near-IR position of RZ Psc (Figure 3.1, right).

3.3.2

High-Resolution Optical Spectroscopy

Lick Shane 3 m Hamilton Echelle
RZ Psc was observed with the Shane 3 m telescope and Hamilton echelle spectrograph (Vogt
1987) at Lick Observatory. The observation dates and parameters are listed in Table 3.3. Reduction
of the Hamilton echelle data was performed using IRAF tasks following methods outlined in detail
in Lick Technical Report No. 741 . Briefly, the spectral images were bias-subtracted, flat-fielded,
extracted, and finally wavelength-calibrated with ThAr arc lamp spectra (see Pakhomov & Zhao
2013).

Keck I 10 m HIRES
RZ Psc was observed with the Keck I 10 m telescope at Maunakea Observatory, where echelle
spectroscopy was performed with the HIRES instrument (Vogt et al., 1994). Observation dates and
parameters are listed in Table 3.3. All of the HIRES data were reduced with the MAKEE software
package. The spectral images were bias-subtracted and flat-fielded, then the spectra were extracted
and finally wavelength-calibrated with ThAr arc lamp spectra.
1

See http://astronomy.nmsu.edu/cwc/Software/irafman/manual.html.
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3.3.3

Keck II 10 m Echellette Spectrograph and Imager (ESI)

A candidate M-type companion to RZ Psc (see § 3.4.7) was observed at Maunakea Observatory
with the Keck II 10 m telescope. Echelle spectroscopy was performed with the ESI (Sheinis et al.
2002), and observation parameters are given in Table 3.3.
Data were reduced with standard IRAF tasks and procedures similar to the reduction of Hamilton data as described above. Specifically, spectral images were bias-subtracted, flat-fielded with
the use of dome flat exposures, extracted, and wavelength-calibrated with the use of CuArXeHgNe
arc lamps.

3.3.4

WIYN-0.9 m Half Degree Imager (HDI)

RZ Psc and its field were observed at Kitt Peak National Observatory with the WIYN 0.9 m
telescope2 in 2016 January. The HDI was used to take 10 s exposures of the RZ Psc field in BVRI
filters.
Data were reduced with standard AstroImageJ tasks and procedures (Collins et al., 2017).
Multi-aperture differential photometry was then performed to determine the magnitude of stars in
the field in all bands.

3.4

Results and Analysis

In Table 3.4, we present the key characteristics of RZ Psc that we have gleaned from the literature, and in Table 3.5, we present the key characteristics determined via the analysis described
next.

3.4.1

Model Atmosphere Analysis

An LTE, 1D model atmosphere analysis of the optical spectra of RZ Psc obtained with the
Keck and Shane telescopes was performed using the spectrum synthesis program Moog (Sneden,
2

The WIYN Observatory is a joint facility of the University of Wisconsin-Madison, Indiana University, the National
Optical Astronomy Observatory and the University of Missouri.
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1973, 2014 version) to determine the atmospheric parameters and composition of the star. Model
atmospheres have been interpolated within the MARCS4 grid (Gustafsson et al., 2008). The line
list of Yong et al. (2014) was adopted for atomic data.
Equivalent widths (EWs) were first measured for individual spectra using the splot task in
IRAF3 . Measurements from different epochs were compared to identify any systematic differences
in line strength at different epochs. Since no variations in EWs were found, seven spectra covering
a range of dates from 2013 through 2016 were co-added to produce a spectrum of higher S/N ratio;
the combined spectrum has a S/N ratio of 200. The combined spectrum with lower noise also
reduces the uncertainty in the continuum level, allowing more accurate determination of EWs. The
final EWs used for the analysis were measured from the combined spectra.
The first step was to carry out the determination of atmospheric parameters – effective temperature, surface gravity, microturbulence, and metallicity – independently of previous determinations.
We selected 101 lines of Fe I to cover a range of both line strength and excitation potential, and
model atmosphere parameters were varied to minimize the dependence of derived abundance on
EW and excitation potential. The procedure yielded an effective temperature of 5600 ± 75 K and
a microturbulence of vT = (2.0 ± 0.2) km s−1 . The surface gravity of the star was determined to
be log g = 4.35 ± 0.10 by minimizing the difference in the Fe abundance derived from Fe I and Fe
II lines. The resulting metallicity is [Fe/H] = -0.11 ± 0.03 (standard error of the mean or S.E.M.),
not including systematic errors in the atmospheric parameters.
Abundances of additional species were determined once the model atmosphere parameters were
established. Again, the Yong et al. (2014) line list provided atomic data. The derived abundances
are included in Table 3.6, along with estimated uncertainties, including both random and systematic errors, where the solar abundances are taken from Asplund et al. (2009). The uncertainties
in the atmospheric parameters are determined from the parameter change needed to establish a
clear dependence of abundance versus excitation potential or abundance versus line strength, or a
difference in abundance as derived from Fe I and Fe II lines.
3

IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of
Universities for Research in Astronomy (AURA) under a cooperative agreement with the National Science Foundation.
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Atmospheric parameters for RZ Psc have previously been reported by Kaminskiĭ et al. (2000)
and by Potravnov et al. (2014b). Kaminskiĭ et al. reported a weighted average temperature of
5250 K based on their analysis of three spectra with S/N ratios in the range 44-68 and a spectral
resolving power of R ≈ 25,000. They employed three alternate methods, including an unreddened
color-temperature relation, specific line ratios, and, as we used here, a minimization of the dependence of abundance on excitation potential for Fe I lines, the “Boltzman equilibrium.” For this last
method, they derived an effective temperature of 5450 K ± 150 K, which is statistically indistinguishable from our best fit temperature of 5600 ± 75 K. Although their result for microturbulance
(vT = 2.0 ± 0.5 km s−1 ) agrees with ours, their determination of log g = 3.41 ± 0.02 is discrepant.
Potravnov et al. (2014b) analyzed a higher-resolution spectrum (R ≈ 46,000) with a S/N ratio
of about 75. Their temperature of 5350 K ±150 K was obtained from synthetic spectrum fits to
a few features, most notably Hα and Hβ, which may be compromised by circumstellar emission.
With the temperature fixed at 5350 K, they used SME analysis software (Valenti & Piskunov, 1996)
to determine log g = 4.2 ± 0.3 and vT = 1 km/s.
To attempt to resolve the discrepancies among these model fits, we determined the elemental
abundances of RZ Psc using each of the three Kaminskiĭ et al. (2000) models with our measured
EWs. The Kaminskiĭ et al. atmospheric parameters provide a consistent abundance for the Fe I
and Fe II lines but significant deficiencies in the abundances of the ionized species Sc II and Ti II.
We note that the abundances listed in their Table 3 include large deficiencies of Ti, V, Cr, and Ni,
as well as Si and Al.
The Potravnov et al. model atmosphere parameters with our EWs suggest that a value of 2 km
s−1 for the microturbulence provides a better fit. With that correction, adopting the Potravnov
et al. model leads to a significant discrepancy (∆[Fe/H] = 0.2 dex) between the Fe I and Fe II
lines, as well as a low abundance of Fe compared to other metals.
Our adopted model parameters provide both a good match for the Fe I and Fe II lines and
a reduced dispersion in the abundances of other species compared to either the Kaminskiĭ et al.
or the Potravnov et al. models, and we conclude that our adopted model atmosphere parameters
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provide the best description of the atmosphere of RZ Psc at the epochs of our observations. Our
model yields an overall iron abundance [Fe/H] = –0.1 for RZ Psc.
Using the adopted model and the average Li EW of 207 mÅ we obtain a lithium abundance of
A(Li) = 3.054 for RZ Psc. This analysis uses the Li I line list from Reddy et al. (2002), including
a six-component blend of the various explicit features that make up the 7 Li + 6 Li feature, and
assumes a standard isotopic ratio of 10/1.

3.4.2

Spectral Type

Spectral types ranging from early K to late G have been assigned to RZ Psc in the literature
thus far (e.g., Herbig, 1960; Kaminskiĭ et al., 2000). It appears that RZ Psc is not a main sequence
star, given optical spectral diagnostics that are indicative of low surface gravity (Kaminskiĭ et al.,
2000, § 3.4.1). Our determination of an effective temperature of 5600 K and surface gravity of
log g = 4.35 ± 0.10 is consistent with a luminosity class of type III/IV. The latter implies that RZ Psc
must be either a pre-main sequence star or an evolved star (giant). Adopting this temperature
and the empirical spectral type-temperature sequence for 5-30 Myr old pre-main sequence stars
presented in Pecaut & Mamajek (2013), RZ Psc appears to have a spectral type of G4 if it is in
a pre-main sequence evolutionary stage, but as Herbig (1960) originally noted, the photospheric
features of RZ Psc correspond to a later spectral type, K0 IV.

3.4.3

Stellar Activity and Rotation

We examined Lick/Hamilton and Keck/HIRES optical spectra for RZ Psc for indications of stellar activity. Typical features indicative of activity include Hα emission and core-reversal emission
in the Ca ii H, K, and infrared triplet lines. Figure 3.2 showcases the dramatic variability displayed
by RZ Psc in the Hα region. Variability in the strength of the photospheric absorption component
of Hα is evident, as is an additional, presumably circumstellar component that sometimes appears
4

A(x) = 12 + log n(x)/n(H), where n(x) is the number density of atoms of species x and n(H) is the number
density of H atoms.
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as broad absorption wings around the Hα absorption line core (e.g., 2013 August 14, 2013 October
16, and 2013 November 14; see also Kaminskiĭ et al., 2000) or, perhaps, as a stronger core absorption component (2013 November 16; all three spectra for the 2013 November 16 epoch have the
same appearance to within their relative S/N). Emission above the continuum level also appears
at multiple epochs.
The highly variable Hα line profile of RZ Psc, including the appearance of emission above
the stellar continuum, is reminiscent of those of certain young stars that are rotating at nearbreakup speeds and are possibly losing mass (e.g.,

Marcy et al., 1985; Stauffer et al., 1989).

However, the v sin i of RZ Psc (at most 23 km/s, see Table 3.4) is well below breakup speeds and
is otherwise consistent with those of young cluster stars that display similar levels of X-ray activity
(e.g., Stauffer et al., 1997, their Figure 6). This suggests a different origin for the circumstellar gas
that is responsible for the variable Hα emission from RZ Psc; we explore one potential explanation
in Section 3.5.4.
For each Hα emission epoch we calculated the full-width of the double-peaked structures at
10% of the peak line flux. We find that the emission structures have velocity widths &300 km s−1 .
Thus, as was concluded by Stauffer et al. (1989) and Marcy et al. (1985) for their rapidly-rotating
stars, the Hα-emitting material is unlikely to be located at the stellar surface and instead is either
being ejected in a wind or is orbiting or infalling within a few stellar radii of RZ Psc.
Steadier emission likely associated with stellar activity is seen in the Ca ii H and K lines
(Figure 3.3). In some epochs, a blueshifted absorption component is seen adjacent to the emission
line, while the UT 2013 November 13 epoch shows a much broader emission line than is seen in
other epochs. It should be noted that the spectrum of UT 2013 November 13 is particularly noisy,
perhaps as a result of RZ Psc being observed during during one of its deep optical minima. The
enhanced Hα emission observed during this observation would be consistent with the star being
heavily obscured by dust; such behavior is observed, e.g., in the case of the highly inclined for T
Cha star/disk system (Schisano et al., 2009). Ca II infrared triplet core-reversal emission is evident
in the UT 2013 21 October 21 epoch and some emission is present in the UT 2013 November 16
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epoch (Figure 3.4), although its nature is not immediately obvious given the complex structure in
the lines. The high velocity of the emitting material intermittently seen in Hα provides evidence for
a wind from (or infall onto) the surface of the star. A similar behavior was observed by Potravnov
et al. (2017).
Figure 3.5 displays the spectral region around the Na i D lines. Clear variability is evident,
with blueshifted absorption features regularly appearing and moving away from the photospheric
absorption components. Such behavior was noted by Grinin et al. (2015), and served as the basis for
their hypothesis that RZ Psc is in the so-called “propeller” regime of mass loss due to a combination
of strong magnetic field and low accretion rate.

3.4.4

Radial Velocities

In order to derive RZ Psc’s radial velocity (RV) at each epoch, we cross-correlated each of
the HIRES and Hamilton spectra with spectra of stars with known radial velocities from Nidever
et al. (2002). This process also allowed us to search for any radial velocity variability between
epochs. Each of the HIRES and Hamilton spectra yields radial velocity measurements for RZ Psc
with precision of roughly 0.2 km s−1 (Table 3.7). Excluding the UT 2013 November 13 epoch,
there appears to be significantly detected radial velocity variability at the few km s−1 level. This
variability appears to be centered on a systemic velocity of roughly −1 km s−1 , consistent with the
radial velocity measurement determined by Potravnov et al. 2014a, and does not have any obvious
periodicity. Such measurements seem at odds with the radial velocity of −11.75 ± 1.1 km s−1
measured by Kaminskiĭ et al. (2000).
The velocity we determine from the Hamilton spectrum obtained on UT 2013 November 13
appears as a notable outlier when compared to almost all previous radial velocities measured for
RZ Psc, apart from the Kaminskiĭ et al. (2000) measurement. At this epoch (UT 2013 November
13) the cross-correlation peak splits into two components (Figure 3.6; i.e., a redshifted absorption
line and a weaker blueshifted component). Indeed, when the UT 2013 November 13 spectrum is
smoothed, a similar morphology is evident in some absorption lines that is not present in the UT
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2013 November 14 spectrum. A deblending fit to the cross-correlation double-peak was performed
using the FXCOR task within IRAF, and the resulting velocities for each peak (corrected to the
heliocentric reference frame) are reported in Table 3.7. The unusually large negative velocity of the
blue peak of the cross-correlation function for 2013 November 13 is marginally consistent with the
velocity for RZ Psc determined by Kaminskiĭ et al. (2000)5 .

3.4.5

Modeling the X-ray Spectrum of RZ Psc

Source X-ray spectra were extracted from the XMM pn, MOS1, and MOS2 event lists by
selecting photon events within circular regions with diameters of ∼ 25-40” centered on RZ Psc
(Figure 3.1). Associated background spectra were extracted within circular regions with the same
diameters from nearby, source-free regions. We fit the resulting background-subtracted spectra
of RZ Psc with the HEASOFT Xanadu 6 software package (version 6.16), using XSPEC7 version
12.8.2. The pn, MOS1, and MOS2 X-ray spectra of RZ Psc, displayed in Figure 3.7, were analyzed
using three different models over the range 0.15-10 keV. Each of the adopted models (see below)
made use of the XSPEC optically thin thermal plasma model vapec (Foster et al., 2012)8 , which
is parameterized by plasma elemental abundances, temperature, and emission measure (indirectly,
through the model normalization). We included the potential effects of intervening absorption by
using XSPEC’s wabs absorption model (Morrison & McCammon, 1983). All of our models include
two temperature components, as required by the χ2 statistics. The fixed and free parameters for
all three models are displayed in Table 3.8, with the free parameters having associated uncertainty
values.
Since the evolutionary status of RZ Psc was unclear to us, we adopted models that were representative of young stars and evolved stars. The first model, hereafter referred to as “T Tauri
Star,” uses plasma abundance parameter values that represent average values for T Tauri stars
5

Unfortunately, it is not clear at which of these epochs (1991 December or 1998 August) Kaminskiĭ et al. (2000)
obtained this discrepant radial velocity measurement.
6
See http://heasarc.gsfc.nasa.gov/docs/xanadu/xanadu.html.
7
See http://heasarc.gsfc.nasa.gov/xanadu/xspec.
8
See http://www.atomdb.org.
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in Taurus (Skinner & Güdel 2013, and references therein); these values are stated in Table 3.8.
For the second model, hereafter referred to as “Evolved Giant Star,” we fixed the parameters for
the plasma abundances to values that have been determined to be typical for chromospherically
active late-type giants (Gondoin, 2003a,b,c). In the third model, designated “Free Abundance,”
we allowed the abundances of Ne, Fe, and C to be free parameters. Lines of the first two elements
likely dominate the emission around the spectrum peak (∼0.3-3 keV) in the relevant (∼10 MK)
temperature regime (see, e.g., Kastner et al., 2002). We allowed the abundance of C to be a free
parameter in order to fit the spectral feature near 0.3-0.4 keV.
The results of the spectral analysis are presented in Table 3.9 and Figure 3.7. Adopting D = 174
pc (see § 3.5.1), we find a range of X-ray luminosities, LX , from ∼ 5.9 × 1029 to ∼ 1.5 × 1030 ergs
s−1 , depending on the model adopted. The T Tauri and Evolved Giant models yield best-fit values
of LX that are very similar and lie at the lower end of this range. The corresponding range of best
fit NH values are as small as ∼ 4 × 1020 cm2 and as large as ∼ 2 × 1021 cm2 . The fit results for
all three models indicate that the emission measures are similar for both temperature components,
with the low- and high-temperature components lying in the ranges ∼3 − 9 MK and ∼10 − 20 MK,
respectively.

3.4.6

XMM-Newton Optical Monitor Data

The XMM Optical Monitor (OM) photometry was used to determine UBV and UVM2 magnitudes of RZ Psc simultaneously with the X-ray measurements. These OM measurements thereby
allow us to determine the star’s bolometric flux Fbol during the X-ray observations, alleviating
uncertainties in determining LX /Lbol that could arise due to the significant optical variability and
likely X-ray variability of RZ Psc. The OM photometry is provided in Table 3.2. It is evident that
the star’s flux remained constant in all four passbands during the observations. Based on V -band
magnitude obtained with the OM we further conclude that, during our XMM observations, RZ Psc
was not undergoing one of its rare, deep visual minima, which can be as dim as V ∼ 14 (de Wit
et al., 2013). Adopting the mean V -band magnitude obtained from the OM photometry and as83
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suming bolometric corrections based on the adopted effective temperature and luminosity class of
RZ Psc (see Section 3.4.2), we obtain Fbol values that range from ∼ 6.7 × 10−10 to ∼ 6.9 × 10−10 erg
s−1 cm−2 . Adopting a distance of 170 pc to RZ Psc (see § 3.5.1), we obtain a bolometric luminosity
Lbol ∼ 0.6 L (excluding any contribution from circumstellar dust).
From the OM photometric results and the adopted effective temperature, which implies (B −
V )0 = 0.66, we estimate the optical extinction of this system at the time of our XMM-Newton
observations to be AV ∼ 0.66 (assuming R = 3.09; Rieke & Lebofsky, 1985). Our estimated value
of AV is larger than the value of 0.3 ± 0.05 quoted in Potravnov et al. (2017). The discrepancy
between these values of AV are consistent with the optical dropout behavior associated with RZ Psc.

3.4.7

Search for Comoving Low-Mass Stellar Companions

The high galactic latitude of RZ Psc (see Table 3.4) and its large displacement from any known
nearby young moving group (see Table 1 of Mamajek, 2016) are problematic for a young star
scenario. Thus, we used the pipeline-generated X-ray source list compiled from the XMM-Newton
observation as the basis for a search for young, X-ray active stars that are comoving with RZ Psc.
The XMM-Newton images were matched to images from the WIYN 0.9m telescope and the
2MASS and WISE image archives to identify optical and IR sources coincident with (i.e., within
200 of) those XMM X-ray sources lying within approximately 150 of RZ Psc. This yielded seven Xray sources with optical/IR counterparts, which we regarded as candidate comoving stars. Spectral
Energy Distributions (SEDs) for these seven sources were produced using magnitudes obtained from
the WIYN 0.9m images, along with those available in the 2MASS and WISE catalogs. The resulting
SEDs were then fit with stellar atmosphere models9 (Castelli & Kurucz, 2003). This SED analysis
and comparison of the proper motions of these seven candidates with that of RZ Psc eliminated all
but one of these objects as possible members of a nearby moving group associated with RZ Psc.
This object, J0109+2758, is an M-type star at a separation of 2.30 from RZ Psc (Gingerich et al.,
9

The stellar atmosphere models were obtained from the Castelli and Kurucz grids of model atmospheres:
http://kurucz.harvard.edu/grids.html.
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2017). J0109+2578 was only detected by XMM, and hence considered as a candidate comoving
star, due to a strong flare during the exposure. Gingerich et al. (2017) concluded that J0109+2578
was a main sequence M flare star which, if associated with RZ Psc, would provide evidence in favor
of an evolved star status.
To confirm the spectral type and evolutionary status of J0109+2578, we obtained a spectrum
with the ESI on Keck II. Comparison with spectral templates in Jacoby et al. (1984) confirms that
J0109+2578 is an M dwarf. The Keck/ESI spectrum of J0109+2758 was cross-correlated with a
spectrum of NLTT 853 (Nidever et al., 2002) that was obtained on the same night as J0109+2758
with the same setup. From the cross-correlation, we measure a heliocentric radial velocity for
J0109+2758 of −33.5 ± 1.5 km s−1 , clearly discrepant with the approximate median radial velocity
of RZ Psc (Vr ∼ −2 km s−1 , see Table 3.7). Thus, we conclude that J0109+2758 is not comoving
with RZ Psc and hence is not associated with it.

3.5
3.5.1

Discussion
Age Diagnostics: Stellar Activity and Li Line Strength

Our XMM-Newton observations reveal that RZ Psc is highly X-ray active, with log (LX /Lbol )
in the range −3.7 to −3.2 (§ 3.4.5). This large fractional X-ray luminosity is consistent with the
enhanced presence of activity indicators in the optical spectrum of RZ Psc (§ 3.4.3). Such levels of Xray activity are primarily associated with late-type, short-period binaries (e.g., RS CVn systems) or
rapidly rotating, late-type single stars (Berdyugina, 2005; Gondoin, 2005, and references therein).
Stars in the latter category are generally either young — i.e., in the T Tauri, post-T Tauri, or
zero-age main sequence stages — or are particularly fast-rotating evolved giants (e.g., stars of the
FK Com class). However, whereas virtually all young stars with effective temperatures similar
to RZ Psc (i.e., G type stars) have values of LX /Lbol in the range we determine for RZ Psc (e.g.,
Randich et al., 1995, see their Figure 6), very few rapidly rotating giants have such large relative
X-ray luminosities (Gondoin, 2005). Thus, in contrast to the case of BP Psc (Kastner et al., 2010b),
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the value of log (LX /Lbol ) obtained from our X-ray observations strongly favors young-star status
for RZ Psc.
Our measurement of a large value of log (LX /Lbol ), which is indicative of strong surface magnetic
activity, supports the hypothesis that RZ Psc is in the “magnetic propeller” regime of efficient mass
loss relative to its accretion rate (Grinin et al., 2015). To attempt to better determine the nature
of the X-ray emission from RZ Psc, it would be beneficial to obtain high-resolution (gratings) Xray spectra of the star, from which we can obtain the detailed emission-line spectrum of the X-ray
emitting plasma. Such data might establish, e.g., whether the composition of this plasma resembles
those characteristic of the X-ray-emitting plasma of pre-main sequence stars and whether some of
the X-ray emission from RZ Psc may arise from accretion activity (e.g., Brickhouse et al., 2010).
Our measurement of the EW of the Li I line, averaged over all epochs, is 207 ± 6 mÅ, consistent
with that measured by Grinin et al. (2010). This EW(Li) measurement is somewhat less than those
of 10-20 Myr old G-type stars (see Figure 6, Spina et al. 2014), but is consistent with G-type stars
of ages 30-50 Myr (Table 2, Randich et al. 2001 and Figure 3, Zuckerman & Song 2004). The
EW(Li) of RZ Psc is somewhat larger than that of G-type stars in the Pleiades (Soderblom et al.,
1993), but consistent with such stars in the β Pictoris Moving Group (age ∼ 23 ± 3 Myr; Mamajek
2016) and the Tucana-Horologium Association (age ∼ 45 ± 5 Myr; Mamajek 2016) (see Figure 5;
Mentuch et al., 2008).
Comparing with Table 1 in Soderblom et al. (1993), we estimate A(Li) ∼ 3.0 for RZ Psc,
consistent with the value of 3.05 that we calculated in sec 3.4.1. Although there are approximately
40 examples of Li-rich giants with such large lithium abundances (e.g., Casey et al., 2016), almost
all of these giants have much smaller values of log g (log g < 3) than RZ Psc (log g ∼ 4.35 ± 0.1).
In light of this evidence for pre-main sequence status, we have conducted an H-R diagram
analysis with theoretical pre-main sequence isochrones to estimate the likely range of luminosity
of RZ Psc. Following our Li EW analysis, we assume an age range of 30-50 Myr for RZ Psc. The
resulting H-R diagram is displayed in Figure 3.8, where the isochrones and pre-main sequence tracks
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overlaid are obtained from PARSEC10 (the PAdova and TRieste Stellar Evolution Code; Bressan
et al., 2012). Figure 3.8 suggests that RZ Psc is a pre-main sequence star of mass 0.75-1.0 M . Our
H-R diagram analysis yields log (L∗ /Lbol ) in the range of −0.08 to −0.21, which corresponds to a
distance to RZ Psc of ∼ 186 pc if RZ Psc is 30 Myr old and a distance of ∼ 161 pc if RZ Psc is 50
Myr old. This estimated distance range, obtained from our Li- and X-ray-based age range, agrees
with the distance estimate of 160 pc mentioned in Potravnov et al. (2017, and references therein).
Our age and mass estimates are also similar to the values cited by those authors (25 ± 5 Myr and
1 M , respectively).
Finally, we consider the UVW velocities of RZ Psc. Adopting a median estimated distance
of 170 pc, the Table 3.4 proper motion, and a median radial velocity of −2 km s−1 (Table 3.7),
the UVW are −13.4, −18.2, −5.4 km s−1 .11 These UVW values are consistent with young star
status – the closest kinematic matches being to the TW Hya Association, β Pic moving group,
and the Columba Association (Mamajek, 2016). However, RZ Psc is much further from Earth than
established members of these groups.

3.5.2

X-ray Absorption versus Optical Extinction

In Figure 3.9, we compare the range of the gas column density we determine from the photoelectric absorption of the X-rays emitted by RZ Psc, NH ∼ (0.4 − 1.8) × 1021 cm−2 (§ 3.4.5) with
the estimate of visual extinction due to dust (AV ) along the line of sight to the star afforded by
the simultaneous XMM-Newton OM data (§ 3.4.6).
These measurements for RZ Psc are overlaid over empirical NH versus AV curves for the local
ISM and the ρ Ophiuchi molecular cloud. The figure demonstrates that the relation between
absorption and extinction toward RZ Psc is consistent with that of the ISM if we adopt the “Free
Abundance” model; i.e., the model results in an NH that is most consistent with an AV given ISMlike grains. Adopting either of the other X-ray spectral models would imply that the gas-to-dust
10
11

http://stev.oapd.inaf.it/cgi-bin/cmd
http://kinematics.bdnyc.org/query
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ratio of the circumstellar material may differ significantly from that of the ISM or ρ Oph. Such an
interpretation of Figure 3.9 is subject to the important caveat that, because the OM V photometry
indicates that RZ Psc was observed in a relatively low-extinction state, we cannot ascertain whether
the observed relationship between NH and AV toward RZ Psc at the time of our observations was
representative of the intervening ISM or of circumstellar material associated with RZ Psc itself.

3.5.3

The Puzzling Radial Velocity Behavior of RZ Psc

In our radial velocity (RV) cross-correlation analysis, we find marginal evidence for RV variability, including one epoch in which the cross-correlation function appears double-peaked (Figure 3.6).
One possibility that could account for this potential RV variability is that RZ Psc may reside in a
spectroscopic binary system, one that can, on rare occasions, be double lined. This would make
RZ Psc superficially similar to BD+20 307, which also has a large value of LIR /Lbol , thought to be
the result of a catastrophic collision of terrestrial mass planets (Zuckerman et al., 2008a).
If RZ Psc is indeed a spectroscopic binary, then there would be a new, interesting route through
which we could explore the age and evolutionary status of the system. If both stars are pre-main
sequence, then both should have comparably strong lithium absorption. We examined the line
shape of the UT 2013 November 13 Li I λ6708 line to see if it shows a blueshifted shoulder. First,
the EW of the Li I line was measured in all epochs. To within the uncertainties of each epoch,
these EWs agreed. Next, a smoothed Li I line was compared to other comparably strong lines
at similar wavelengths, most notably the Ca I λ6717 line. While the Ca I line showed an obvious
slightly weaker blueshifted shoulder, the Li I line did not. Finally, cross-correlations were performed
between the UT 2013 November 13 spectrum of RZ Psc and other stars using only single lines. Most
single lines showed either double-peaked cross-correlation maximums or significant broadening in
the blueshifted region where the second peak would be expected. The Li I line, in contrast, was
well fit with a single gaussian and showed no signs of blueshifted broadening. The velocity of the
Li I line, however, does not match either velocity measured on UT 2013 November 13 via crosscorrelation analysis, but rather lies in between that of these two velocity signals. This complication
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makes it difficult to interpret the Li I as present in only one star in a putative binary system.

3.5.4

What is the Origin of the Circumstellar Material Orbiting RZ Psc?

The extreme dropout events in the optical light curve of RZ Psc invite comparisons between
this system and objects showing similarly dramatic dropouts, such as the variable field star KIC
8462852 (aka “Tabby’s Star”; Boyajian et al., 2016) and the remarkable “polluted” white dwarf WD
1145+017 (e.g., Rappaport et al., 2016). The profound, seemingly aperiodic, variability observed
in both of those cases has been cited as evidence for the presence of orbiting and/or infalling
circumstellar debris arising either from a catastrophic collision or tidal stripping of a subplanetarymass body or bodies. Xu et al. (2016) suggest that the atomic absorption lines observed in the
spectrum of WD 1145+017 could come from either a burst of accretion due to disintegrating
planetesimals, a previous tidal disruption, or both.
As in the case of WD 1145+017, which displays wide and variable gaseous absorption lines in
its spectrum that are indicative of a gas-rich disk (Xu et al., 2016), the presence of rapidly variable
emission and absorption in the wings of RZ Psc’s Hα line profiles (Figure 3.2) suggests that its
orbiting debris includes a significant gaseous component. However, in terms of evolutionary state
and, hence, the nature of the disrupted orbiting body or bodies, the (G-type) RZ Psc system would
appear to have more in common with (F-type) KIC 8462852 than WD 1145+017. Indeed, a major
difference between the RZ Psc and KIC 8462852 systems would appear to be that the circumstellar
mass associated with RZ Psc is far larger than that associated with KIC 8462852. Specifically,
unlike RZ Psc, KIC 8462852 does not have a detectable IR excess, and its optical dropouts are far
less pronounced; whereas RZ Psc suddenly dims by several magnitudes (de Wit et al., 2013), the
sudden dips in flux exhibited by KIC 8462852 are of the order of ∼20 percent or less (Boyajian et al.,
2016). This suggests that the putative body (or bodies) destroyed around RZ Psc was far more
massive than in the case of the KIC 8462852 system, whose debris has variously been attributed to
a rocky body originally a few hundred km in diameter with a mass of at most 10−6 Earth masses
(Boyajian et al., 2016) or to a handful of disintegrating cometary bodies (Neslušan & Budaj, 2017).
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We hence propose that the puzzling variability behavior and enormous infrared excess of RZ Psc
is most readily ascribed to the aftermath of the recent tidal disruption of a substellar companion or
giant planet, or a catastrophic collision involving one or more relatively massive, gas-rich orbiting
bodies. Evidently, as in the cases of KIC 8462852 and WD 1145+017, the enormous dips in the
optical light curve of RZ Psc require that the orbiting debris resulting from this destructive event is
confined to a disk that lies nearly along our line of sight to the star. Although the bulk of the dusty
debris is likely orbiting ∼0.3 au from the star (based on the temperature of the dust excess, ∼500
K; de Wit et al., 2013), the broad absorption features in the Hα line profiles of RZ Psc indicate that
at least some of the circumstellar material is either accreting onto the star, outflowing, or both.
Although the preponderance of evidence appears to support the young star status of RZ Psc,
there are some caveats to be considered. The consumption of a giant planet or substellar companion could be polluting the atmosphere of RZ Psc, thereby increasing the atmospheric abundance
of Li, which would make the star appear younger than it is (see, e.g., Sandquist et al., 2002).
Our measured (relatively low) value of log g could similarly be explained by accretion of debris
from a substellar-mass companion, given that the primary would be expected to expand during the
accretion process. Indeed, it is possible that log g may be variable as a consequence of this (presumably ongoing) planet or substellar companion consumption process. Accretion of material from
a disrupted massive body would also increase the magnetic activity of the star, and hence might
also explain the prodigious X-ray output of RZ Psc. Thus, we should look to Gaia’s forthcoming
determination of the parallax distance and refinement of the space velocity of RZ Psc as the prime
means to verify its youth.

3.6

Summary and Conclusions

We have used XMM-Newton, along with high-resolution optical spectroscopy, to characterize
the properties of the infrared-excess, variable star RZ Psc so as to confirm its evolutionary status.
The XMM-Newton observations produced a detection of a bright X-ray point source coincident
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with the centroids of optical and infrared emission at RZ Psc, with the log of the ratio of X-ray to
bolometric luminosity, log LX /Lbol , in the range −3.7 to −3.2. These results are consistent with
log LX /Lbol ratios typical of low-mass, pre-main sequence stars, and larger than that of all but
the most X-ray-active stars among giants (e.g., FK Com-type giants). Examination of the X-ray
sources in the RZ Psc field yields one candidate comoving (M dwarf) star, but the radial velocity
of this potential wide (2.30 separation) companion is inconsistent with that of RZ Psc.
High-resolution optical spectra obtained with the Hamilton Echelle on the Lick Shane 3 m
telescope and HIRES on the Keck I 10 m telescope indicate that RZ Psc has an effective temperature
and a surface gravity that are consistent with a pre-main sequence star. Sporatic radial velocity
variability may also be observed in RZ Psc; if confirmed, this would suggest that it may be a
spectroscopic binary system. We note that the potential radial velocity variability and bizarre Hα
emission-line profile variability observed for RZ Psc are both reminiscent of the 5-10 Myr old star
T Cha, which also exhibits deep absorption episodes, like RZ Psc, due to an inclined dusty disk
(Schisano et al., 2009).
The XMM-Newton and high-resolution optical spectroscopy results favor a young star status for
RZ Psc. Measurements of the Li EW indicate that RZ Psc is a ∼ 30-50 Myr old post-T Tauri star.
If the age of RZ Psc is indeed this advanced, the presence of significant, varying column densities of
circumstellar gas and dust renders it extremely unusual among Sun-like pre-main sequence stars.
By analogy with objects such as KIC 8462852 (aka “Tabby’s Star”; Boyajian et al., 2016) and WD
1145+017 (e.g., Rappaport et al., 2016), it is possible that, in the RZ Psc system, we are seeing
evidence of a catastrophic event, for example, the destruction of a massive planet. Optical spectral
features indicative of activity and/or circumstellar material, such as core-reversal emission in the
Ca ii H, K, and infrared triplet lines and Hα emission, are present in our spectra over multiple
epochs, and provide evidence for the presence of a significant mass of circumstellar gas associated
with RZ Psc. The presence of a significant mass of circumstellar gas (as reflected in the broad Hα
emission-line profiles) might imply that the cannibalized planet was a hot Jupiter.
An H-R diagram analysis indicates a distance to RZ Psc of ∼ 170 pc if RZ Psc is a pre-main
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sequence star. Gaia should provide the parallax distance and space velocity measurements necessary to nail down the evolutionary status of RZ Psc and to refine estimates of its age. Further
observations are warranted to understand the nature of this enigmatic star: high-resolution X-ray
spectroscopy of RZ Psc would improve constraints on the abundances of RZ Psc’s X-ray-emitting
plasma; an optical and infrared spectroscopy campaign would shed light on the potential binary
nature of the system; and submillimeter interferometric imaging and optical/IR coronographic
adaptive optics imaging would establish whether there is cold, extended gas and dust associated
with the RZ Psc disk.
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Table 3.1. XMM-Newton X-Ray Observations
Detector

Useful Exposure Time
(ks)

Count Rate
(cts s−1 )

pn
MOS1
MOS2

19.71
19.15
19.16

(8.3 ± 0.2) x 10−2
(2.1 ± 0.1) x 10−2
(2.0 ± 0.1) x 10−2

Figure 3.1: XMM-Newton pn (left), MOS1 (middle left), and MOS2 (middle right) images of
RZ Psc, with orientation and scale indicated, alongside 2MASS J band image (right) at the same
orientation and scale.
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Table 3.2. XMM-Newton Optical Monitor Observations
Filter

Wavelength
(nm)

Date

Start Time
(UT)

V

543

2015-01-02
2015-01-02
2015-01-02
2015-01-02
2015-01-02

14:38:22
15:03:44
15:29:06
15:54:28
16:19:49

Magnitude
(mag)
11.52
11.52
11.51
11.54
11.51

Mean Magnitude
(mag)

(0.02)
(0.03)
(0.01)
(0.02)
(0.01)
11.514 (0.008)

U

344

2015-01-02
2015-01-02
2015-01-02
2015-01-02
2015-01-02

17:15:10
17:40:32
18:05:54
18:31:16
18:56:38

12.368
12.38
12.366
12.38
12.371

(0.007)
(0.01)
(0.006)
(0.01)
(0.007)
12.371 (0.004)

B

450

2015-01-02
2015-01-02
2015-01-02
2015-01-02

19:21:57
19:47:20
20:12:42
21:03:25

12.38
12.0
12.38
12.39

(0.05)
(0.8)
(0.04)
(0.01)
12.4 (0.1)

UVM2

231

2015-01-02
2015-01-02
2015-01-02
2015-01-02
2015-01-03

21:28:45
22:39:06
23:19:27
23:59:48
00:40:09

15.20
15.20
15.16
15.22
15.20

(0.03)
(0.03)
(0.03)
(0.03)
(0.03)
15.20 (0.01)
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640 µm slit, Dewar
640 µm slit, Dewar
640 µm slit, Dewar
Red Collimator
640 µm slit, Dewar
640 µm slit, Dewar
Red Collimator
640 µm slit, Dewar
640 µm slit, Dewar
640 µm slit, Dewar
640 µm slit, Dewar
640 µm slit, Dewar
640 µm slit, Dewar
640 µm slit, Dewar
640 µm slit, Dewar
1.000 slit
640 µm slit, Dewar

Setup

measurement is made at 6600 Å in the spectrum.

#4

#4
#4
#4
#4
#4
#4
#4
#4

#4
#4

#4
#4
#4

3850-6920
3850-6920
3850-6920
4360-8770
3850-6920
3850-6920
4360-8770
3850-6920
3850-6920
3850-6920
3850-6920
3850-6920
3850-6920
3850-6920
3850-6920
3900-10250
3850-6920

Coverage (Å)

62,000
62,000
62,000
40,000
62,000
62,000
40,000
62,000
62,000
62,000
62,000
62,000
62,000
62,000
62,000
4000
62,000

Resolutiona

b

60
50
50
100
30
35
100,65,40c
40
50
60
50
40
65
65
100
60
35

S/N

separate spectra were obtained over the course of the night. The S/N values quoted are for each of
the three spectra.

c Three

b S/N

Hamilton
Hamilton
Hamilton
HIRES
Hamilton
Hamilton
HIRES
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
ESI
Hamilton

Instrument

Spectroscopic Observations Summary

is measured from the FWHM of single arclines in our comparison spectra.

14 Aug 2013
15 Oct 2013
16 Oct 2013
21 Oct 2013
13 Nov 2013
14 Nov 2013
16 Nov 2013c
21 Dec 2013
22 Dec 2013
03 Jan 2014
21 Jan 2014
22 Jan 2014
24 Feb 2014
28 Aug 2015
10 Aug 2016
18 Nov 2016
28 Dec 2016

RZ Psc
RZ Psc
RZ Psc
RZ Psc
RZ Psc
RZ Psc
RZ Psc
RZ Psc
RZ Psc
RZ Psc
RZ Psc
RZ Psc
RZ Psc
RZ Psc
RZ Psc
J0109+2758
RZ Psc

a Resolution

UT Date

Object

Table 3.3.
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Table 3.4. Characteristics of RZ Psc From the Literature
Parameter

Value

Referencea

galactic latitude
proper motion (mas/yr)
proper motion error (mas/yr)
Tef f (K)

-35◦
25.4, -11.9
2.1, 2.0
5250
5350±150
3.41 ± 0.02
4.2 ± 0.2
-0.3 ± 0.05
23 ± 1
12.0±0.5
-2 ± 1.5
-1.2 ± 0.33
-11.75±1.1
2.0 ± 0.5
1.0
500
0.30 ± 0.05
202 ± 10
0.5
0.08
0.9
1.0
0.7
≤ 7 × 10−12

1
1
2
3
2
3
3
2
3
4, 5
6
2
2
3
4
8
7
8
4
8
8
8
8

log g (cgs)
[m/H]b
v sini (km s−1 )
RV (km s−1 )

vT (km s−1 )
Tdust (K)
AV
Li 6708 Å, EW (mÅ)
Hα EW (Å)
LIR /Lbol
R∗ /R
M∗ /M
L∗ /L
Ṁ (M yr−1 )
a References:

(1) Tycho2 catalog; (2) Kaminskiĭ et al. 2000;
(3) Potravnov et al. 2014b; (4) de Wit et al. 2013; (5)
Shevchenko et al. 1993; (6) Potravnov et al. 2014a; (7) Grinin
et al. 2010; (8) Potravnov et al. 2017
b [m/H]

= log(Nm /NH )star –log(Nm /NH )Sun for element
m compared to hydrogen; that is, the enhancement or deficiency of an element compared to the Sun.
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Table 3.5. Derived Characteristics of RZ Psc
Parameter

Value

Tef f (K)
log g (cgs)
[F e/H]
RV (km s−1 )
vT (km s−1 )
Li 6708 Å, EW (mÅ)
A(Li)
log(LX /Lbol )
NH (cm−2 )
AV
Spectral Type
L∗ /L

5600 ± 75
4.35 ± 0.10
-0.11 ± 0.03
see Table 3.7
2.0 ± 0.2
207 ± 6
3.05
-3.7 to -3.2
∼ (0.39 − 1.83) x 1021
∼ 0.66
G4
∼ 0.6

Table 3.6.

Abundances of the Elements in RZ Psc

Species
Species

Sun
A

RZ Psc
A

RZ Psc
[m/H]

σ

Number of
Lines

Na I
Mg I
Al I
Si I
Ca I
Sc II
Ti I
Ti II
VI
Cr I
Mn I
Fe I
Fe II
Co I
Ni I

6.14
7.5
6.35
7.41
6.24
3.05
4.85
4.85
3.83
5.54
5.33
7.50
7.50
4.89
6.12

6.18
7.43
6.42
7.53
6.33
2.94
4.81
4.99
3.99
5.78
5.46
7.40
7.41
4.93
6.09

0.04
–0.07
0.07
0.12
0.09
–0.11
0.14
–0.05
0.16
0.24
0.13
–0.10
–0.09
0.04
–0.03

0.09
0.09
0.14
0.05
0.07
0.09
0.08
0.10
0.08
0.12
0.08
0.06
0.07
0.15
0.06

4
2
3
14
14
6
25
3
11
5
3
101
13
4
21
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8

14 Aug 2013
15 Oct 2013
16 Oct 2013
21 Oct 2013

Normalized Flux + Constant

6

13 Nov 2013
14 Nov 2013
16 Nov 2013
21 Dec 2013

4

22 Dec 2013
03 Jan 2014
21 Jan 2014
22 Jan 2014

2

24 Feb 2014
28 Aug 2015
10 Aug 2016

6550

6560
6570
Wavelength (Å)

6580

Figure 3.2: Keck HIRES and Lick Hamilton spectra of RZ Psc showing the Hα complex and
surrounding region. All spectra are continuum-fit such that the continuum has a value of unity,
then shifted vertically by a constant value for clarity. The dashed line for each epoch denotes the
expected continuum value. Wavelengths in this figure are plotted in vacuum. The wavelength scale
for each spectrum is shifted to match the November 16 2013 epoch for clarity. Some cosmic rays
and bad pixels have been removed manually from the spectra.
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8

Normalized Flux + Constant

14 Aug 2013

6
15 Oct 2013

4
16 Oct 2013

2

13 Nov 2013

14 Nov 2013

0
3920

3925

3930 3935 3940
Wavelength (Å)

3945

Figure 3.3: Lick Hamilton spectra of RZ Psc showing the region around the Ca II K line. The Ca II
H line is essentially identical in appearance for each epoch and thus not plotted here. For each
spectrum the blaze function is removed, then the spectrum is normalized to the flux level at ≈3946
Å. The dashed line indicates this normalization level and can be used as a guide for changes in the
core reversal emission level. Variability in the core reversal emission and blueshifted absorption
components is evident. Wavelengths in this figure are plotted in air. The wavelength scale for each
spectrum is shifted to match the August 14 2013 epoch for clarity. Some cosmic rays have been
manually removed from the spectra.
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Normalized Flux + Constant

1.4
21 Oct 2013

1.2
1.0

16 Nov 2013

0.8
0.6
0.4
8450

8500

8550
8600
Wavelength (Å)

8650

Figure 3.4: Keck HIRES spectra of RZ Psc showing the Ca II infrared triplet complex. Normalization and vertical shifting of spectra is performed as described in the caption to Figure 3.2. Line
variability is evident, with broad absorption components and core reversal emission. Spectra from
November 16 2013 taken later in the night are consistent with what is shown here to within their
respective S/N. Wavelengths in this figure are plotted in vacuum. The wavelength scale of the
spectra are not shifted in this figure. The lack of data around 8600 Å is due to the gap between
red orders for the HIRES setup used.
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6

14 Aug 2013

5

15 Oct 2013

4
3

16 Oct 2013
21 Oct 2013
13 Nov 2013

2
14 Nov 2013

1
16 Nov 2013

0
5888 5890 5892 5894 5896 5898 5900
Wavelength (Å)
Figure 3.5: Keck HIRES and Lick Hamilton spectra of RZ Psc showing the Na D doublet complex.
Normalization and vertical shifting of spectra is performed as described in the caption to Figure 3.2.
Wavelengths in this figure are plotted in vacuum. The wavelength scale for each spectrum is shifted
to match the November 16 2013 epoch for clarity. In each Hamilton spectrum Na D telluric emission
from nearby San Jose, CA is removed.
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Figure 3.6: Cross-correlation spectra between Lick Hamilton observations of RZ Psc and radial
velocity standard stars chosen from Nidever et al. (2002). Heliocentric velocity corrections have not
been applied to any of the spectra. Wavelengths between 4800 and 4857 Å are used for the crosscorrelation in each panel. Top panel: Cross-correlation between the bright standards HR 124 and
HR 4027 using spectra from the night of UT November 13 2013. A single, narrow cross-correlation
peak is evident. Middle panel: Cross-correlation between RZ Psc and HR 4027 using spectra from
the night of UT November 13 2013. A double-peaked cross-correlation peak is evident. Similar
cross-correlation peak shapes are recovered when using different echelle orders. Bottom panel:
Cross-correlation between RZ Psc and HR 4027 using spectra from the night of UT November 14
2013. A single cross-correlation peak is recovered, a feature seen in every order of these two spectra
from this night and in general when performing cross-correlations for RZ Psc on nights other than
UT November 13 2013.

102

Chapter 3. Is RZ Piscium Consuming its Own (Planetary) Offspring?

Table 3.7.
UT Date

14
15
16
21
13
13
14
16
16
16
21
22
03
21
22
24
28
10
28

Aug 2013
Oct 2013
Oct 2013
Oct 2013
Nov 2013
Nov 2013
Nov 2013
Nov 2013
Nov 2013
Nov 2013
Dec 2013
Dec 2013
Jan 2014
Jan 2014
Jan 2014
Feb 2014
Aug 2015
Aug 2016
Dec 2016

Radial Velocities for RZ Psc Measured From Optical Spectra
Heliocentric Julian Date
(days)

Velocity measured
(km s−1 )

Comparison Stara

2456610.76855
2456580.83654
2456581.74535
2456586.94023
2456609.76353
2456609.76353
2456610.76855
2456612.68576
2456612.81636
2456612.94820
2456647.79631
2456648.73979
2456660.73687
2456678.68097
2456679.69084
2456712.62651
2457262.90766
2457610.90309
2457750.66765

−2.2±0.2
+0.0±0.2
−2.0±0.2
+0.4±0.2
−9.2±0.5b
+4.6±0.5b
−1.8±0.2
−1.6±0.2
−1.7±0.2
−2.4±0.2
−2.0±0.2
−1.8±0.2
−1.9±0.2
−1.7±0.2
−2.0±0.2
−1.7±0.2
−2.3±0.2
−1.9±0.2
−1.9±0.2

HR 124
HR 124
HR 124
HR 8185
HR 4027
HR 4027
HR 4027
HR 8185
HR 8185
HR 8185
HR 4027
HR 4027
HR 4027
HR 4027
HR 4027
HR 4027
HR 124
HR 124
HR 124

a HR

8185 was observed with HIRES on UT 14 Nov 2008 in a similar setup.
Otherwise, comparison stars were observed in the same night as RZ Psc.
b Two

peaks were found in the cross-correlation; see Section 3.5.3.
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Table 3.8. RZ Psc Model Parameters

Parameter

Free Abundance

Model
T Tauri Star

Evolved Giant Star

NH (x 1021 cm−2 )
kT1 (keV)
He
C
N
O
Ne
Mg
Al
Si
S
Ar
Ca
Fe
Ne
normalization1 (x 10−5 )
kT2 (keV)
normalization2 (x 10−5 )

1.8 ± 0.5
0.97 ± 0.04
1.0
66.6 ± 31.3
1.0
1.0
0.7 ± 1.4
1.0
1.0
1.0
1.0
1.0
1.0
0.9 ± 0.3
1.0
4.0 ± 1.0
0.27 ± 0.05
3.5 ± 1.0

0.564 ± 0.008
0.67 ± 0.05
1.0
0.45
0.79
0.43
0.83
0.26
0.50
0.31
0.42
0.55
0.195
0.195
0.195
7.6 ± 1.0
1.14 ± 0.08
6.8 ± 1.0

0.390 ± 0.006
0.75 ± 0.04
0.3
0.3
0.3
0.3
1.0
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
6.9 ± 0.6
1.6 ± 0.1
6.6 ± 0.8

Table 3.9. RZ Psc X-Ray Spectral Analysis

Parameter

Free Abundance

Model
T Tauri Star

Evolved Giant Star

NH (x 1020 cm−2 )
kT1 (keV)
T1 (MK)
kT2 (keV)
T2 (MK)
normalization1 (x 10−5 )
EM1 (x 1052 cm−3 )
normalization2 (x 10−5 )
EM2 (x 1052 cm−3 )
χ2red
d.o.f.
observed flux (x 10−13 ergs s−1 cm−2 )
intrinsic flux (x 10−13 ergs s−1 cm−2 )
2
LX (x 1030 170Dpc ergs s−1 )
log(LX /Lbol )

18.0 (5.0)
0.27 (0.05)
3.2 (0.6)
0.97 (0.04)
11.2 (0.4)
4.0 (1.0)
2.722
3.5 (1.0)
2.414
1.053
118
1.262
4.152
2.862
(-3.230, -3.294)

5.64 (0.08)
0.67 (0.05)
7.7 (0.5)
1.14 (0.08)
13.3 (0.9)
7.62 (0.09)
5.253
6.8 (1.0)
4.658
1.120
121
1.269
1.616
1.114
(-3.640, -3.704)

3.90 (0.06)
0.75 (0.04)
8.8 (0.4)
1.6 (0.1)
19.1 (1.7)
6.91 (0.07)
4.765
6.63 (0.08)
4.567
1.298
121
1.301
1.653
1.139
(-3.630, -3.694)
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Figure 3.7: XMM-Newton EPIC extracted spectra (crosses) of RZ Psc for pn (blue) and MOS (red
and green) detectors. Overplotted are the best-fit models (histograms): Free Abundance Model
(top), T Tauri Star Model (middle), Evolved Giant Star (bottom).
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1.0 M ⊙
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Figure 3.8: The H-R diagram position of RZ Psc, assuming an age range of 30-50 Myr, as shown
by the vertical line, overlaid with PARSEC pre-main sequence isochrones and pre-main sequence
tracks for a variety of masses (Bressan et al., 2012).
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Figure 3.9: X-ray absorption column density NH versus visual extinction AV for RZ Psc compared
to the local ISM (black dotted line; Ryter 1996) and the ρ Ophiuchi molecular cloud (black solid
line; Vuong et al. 2003), where we assume RV = 3.1. We plot the X-ray extinction values derived
from spectral fitting for the derived spectral type of G4 and two different evolutionary stages (preand post-main sequence, respectively). The error bars represented are formal errors on the fit
and do not reflect systematic uncertainties (i.e., the implicit assumption that we know all the
abundances in the models).
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4.1

Abstract

We have conducted a Cycle 18 Chandra Large Program survey of very cool members of the
∼8 Myr-old TW Hydra Association (TWA) to extend our preliminary study of the potential connections between M star disks and X-rays to the extreme low-mass end of the stellar initial mass
function. These observations more than double the number of TWA members with spectral types
in the M4–M9/L0 range with sensitive X-ray observations, such that the early-M star and midto late-M star regimes are now equally represented. Thus, we can further investigate the potential connection between the intense X-ray emission from young, low-mass stars and the lifetimes
of their circumstellar planet-forming discs, as well as better constrain the age at which coronal
activity declines for stellar masses approaching the H-burning limit of ∼0.08 M . This extended
survey supports the conclusions found in the initial survey: there exists a trend of decreasing Xray luminosity relative to bolometric luminosity (LX /Lbol ) with decreasing effective temperature
(Tef f ) for TWA M stars. The earliest-type (M0–M2) stars appear overluminous in X-rays, having
log(LX /Lbol ) ≈ -3.0, while spectral types M4 and later appear underluminous in X-rays compared
to very young pre-main sequence stars of similar spectral type and luminosity. Additionally, the
fraction of TWA stars that display evidence for residual primordial disk material sharply increases
in this same (mid-M) spectral type regime, implying that disk survival times may be longer for
ultra-low-mass stars and brown dwarfs than for higher-mass M stars. Furthermore, we present a
Hertzsprung-Russell diagram analysis of the entire low-mass TWA sample overlaid with pre-main
sequence evolutionary models. This analysis shows that X-ray bright objects lie above the 0.08 M
pre-main sequence track, while X-ray faint objects lie below this track, suggesting that we may be
able to use log(LX /Lbol ) as a diagnostic of the eventual core H-burning status of the lowest-mass
pre-main sequence stars. These types of observations will become increasingly important over the
next decade and can provide key information about the X-ray radiation fields of M stars to constrain circumstellar disk and exoplanet formation and evolution models, allowing us to explore the
realistic effects of M star X-rays on the survival of atmospheres of terrestrial planets.
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4.2

Introduction

Low-mass, pre-main sequence stars are characterized by intense high energy radiation (e.g.,
Preibisch & Feigelson, 2005; Güdel et al., 2007) whose origins lie in pre-main sequence stellar
magnetic and accretion activity (e.g., Sacco et al., 2010; Stelzer et al., 2013, and references therein).
This high energy radiation results in irradiation of protoplanetary disks by high energy stellar
photons that likely regulate the formation and evolution of exoplanets. In particular, EUV and
soft (∼1 keV) X-ray irradiation should be a major source of disk surface heating and potentially
represents an important driver of slow, photoevaporative disk winds (Gorti et al., 2009; Ercolano
et al., 2009; Owen & Jackson, 2012). To further our understanding of the potential effects of X-rays
on planet formation in disks orbiting M stars, it is imperative to characterize the X-ray emission
properties of such stars at pre-main sequence ages >3 Myr, i.e., the epoch during or just after giant
planet building and just before terrestrial planet building. The TW Hydrae Association (TWA
Kastner et al., 1997) is the perfect laboratory for this type of study due to its mean distance of just
∼50 pc and age ∼8 Myr (Ducourant et al., 2014; Herczeg & Hillenbrand, 2015). The TWA is the
only young cluster close enough to Earth that all of its M stars are accessible to both ALMA and
Chandra for purposes of characterizing disk masses and X-ray fluxes, respectively. Such a combined
Chandra and ALMA survey of the TWA should provide a unique resource with which to inform and
constrain the present generation of state-of-the-art protoplanetary disk photoevaporation models
to better understand planet formation conditions and timescales around the lowest-mass stars.
The TWA represents an important evolutionary stage in the lives of protoplanetary disks, and
hence it is a benchmark for the study of the formation and evolution of young low-mass stars
and circumstellar disks. Most of the members of the TWA have been identified via their common
galactic space motions and spectral signatures of youth (Webb et al., 1999; Sterzik et al., 1999;
Zuckerman et al., 2001c; Gizis, 2002; Song et al., 2003; Scholz et al., 2005; Looper et al., 2007;
Shkolnik et al., 2011). The high quality of astrometric measurements available for the TWA makes
it a unique laboratory, although the kinematics and origin of the association are still unclear.
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Indeed, the membership and age of TWA stars has been strongly debated (Song et al., 2003;
Ortega et al., 2004; Mamajek, 2005a; de la Reza et al., 2006; Teixeira et al., 2009; Schneider et al.,
2012b; Weinberger et al., 2013; Ducourant et al., 2014). When membership is confirmed, these
stars form a coherent sample to study disk evolution and to calibrate youth indicators, such as Li
and Na equivalent widths.
Estimates of the age of the TWA range from ∼5 to ∼10 Myr (Mamajek, 2005b; Makarov et al.,
2005; de la Reza et al., 2006; Weinberger et al., 2013; Ducourant et al., 2014; Bell et al., 2015).
The age generally adopted for the TWA is ∼8 Myr (Torres et al., 2008; Ducourant et al., 2014;
Herczeg & Hillenbrand, 2015; Bell et al., 2015; Donaldson et al., 2016). This is an important age for
studying the late stages of star and planet formation because of its similarity to the timescale for
giant planet formation via the core accretion mechanism (Chabrier et al., 2014). A dynamical age
for an association can be derived via the traceback technique, in which the motions of candidate
member stars are reversed to seek the time at which these stars occupied a minimum volume;
this method uses stellar distances and space motions. Luminosities based on parallax distances
combined with theoretical pre-main sequence evolutionary models (e.g., Baraffe et al., 1998; Siess
et al., 2000) can also be used to derive the age of an association. Only four members of TWA had
distances measured by Hipparcos (Perryman et al., 1997), but subsequently parallaxes and proper
motions of many more stars have been measured (Gizis et al., 2007; Teixeira et al., 2008, 2009;
Weinberger et al., 2013; Ducourant et al., 2014; Donaldson et al., 2016) — and many more will
flow from the Gaia space astronomy mission — allowing for a more rigorous analysis of kinematics.
Both methods are usually in agreement, within uncertainties, but the theoretical evolutionary track
ages that are derived are dependent on multiple parameters, while the traceback (dynamical) ages
rely only on astrometric data and appear more reliable (Donaldson et al., 2016).
The TWA was originally identified via X-ray observations (Kastner et al., 1997), which led to
the wide-scale application of ROSAT All Sky Survey (RASS) data to identify young (age <100
Myr) stars within ∼100 pc (Torres et al., 2008). Since this original identification, other X-ray
telescopes (Chandra and XMM-Newton) have been used to further our understanding of X-ray111
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bright young stars. For example, investigations of individual TWA stars have taught us that
pre-main sequence stellar accretion shocks can generate X-rays (Kastner et al., 2002), and that
low-density, high-temperature plasma characteristic of pre-main sequence coronal emission can be
distinguished from soft, lower-temperature plasma produced in accretion shocks (Kastner et al.,
2004; Brickhouse et al., 2010). In addition, we have learned that the X-ray luminosity ratios of
young, close binaries may be anti-correlated with the residual disk masses of their component stars
(Kastner et al., 2004; Huenemoerder et al., 2007). Thus, due to its proximity, the TWA has provided
a rich source of information with respect to X-rays from young stars.
We have previously conducted a preliminary study of the TWA to gain an improved understanding of the potential connection between the intense X-ray emission from young, low-mass stars and
the lifetimes of their circumstellar, planet-forming disks (Kastner et al., 2016). In that paper, we
compiled a list of X-ray luminosities (LX ) of all M-type TWA stars for which archival ROSAT
detections or Chandra or XMM-Newton observations had been obtained (see Tables 1 and 2 in
Kastner et al., 2016). The presence or absence of primordial disks oribiting the stars in the sample
was determined using available infrared/submm photometry (i.e., thermal emission from dust) and
optical spectroscopy (i.e., evidence for active accretion and/or disk gas). Many members of TWA
are diskless or have gas-poor debris disks (that are are unlikely to be primordial; Weinberger et al.,
2004; Low et al., 2005; Matthews et al., 2007; Riaz & Gizis, 2008; Plavchan et al., 2009; Looper
et al., 2010b; Schneider et al., 2012b,a,b; Riviere-Marichalar et al., 2013). Specifically, most TWA
members of spectral type M3 and earlier lack disks (i.e., lack IR excesses; Kastner et al., 2016),
while a few members have primordial, gas-rich disks. For example, most of the newly discovered
TWA candidates that are of late-M and L-type display evidence for disks (Rodriguez et al., 2015).
Kastner et al. (2016) found a trend of decreasing X-ray luminosity relative to bolometric luminosity (LX /Lbol ) with decreasing effective temperature (Tef f ) for TWA M stars, although the
sample suffered from poor statistics for stars later than M3 (see Figure 4.1). Additionally, the
earliest-type (M0–M2) stars appeared overluminous in X-rays, while the late M stars appeared
underluminous in X-rays, when compared to very young pre-main sequence stars of similar spectral
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types and luminosities. We found that the fraction of TWA stars that display evidence for residual
primordial disk material may sharply increase for spectral subtypes of M4 and later, near the Tef f
where LX decreases (Kastner et al., 2016). Hence, the data presented in Kastner et al. (2016)
suggests that disk survival times may be longer for ultra-low-mass stars and brown dwarfs than for
higher-mass M stars, consistent with studies of the Upper Sco region (Scholz et al., 2007; Luhman
& Mamajek, 2012). These observations have interesting implications for models of disk evolution,
which generally predict that any dependence of disk lifetime on stellar mass should be very weak
(e.g., Gorti et al., 2015; Owen et al., 2012).
To extend our previous study (Kastner et al., 2016) to the extreme low-mass end of the stellar
initial mass function and increase our survey statistics, we have conducted a Cycle 18 Chandra Large
Program survey of very cool members of the TWA, with spectral types of our targets extending
down to the M/L borderline. These observations more than double the number of TWA members
with spectral types in the M4–M9/L0 range with sensitive X-ray observations, such that the early-M
star and mid- to late-M star regimes are now equally represented. Thus, we can further investigate
the potential connection between the intense X-ray emission from young, low-mass stars and the
lifetimes of their circumstellar planet-forming discs, as well as better constrain the age at which
coronal activity declines for stellar masses approaching the H-burning limit of ∼0.08 M . This may
help us determine if X-rays are helping to destroy the circumstellar disks of early-M stars over the
∼8 Myr lifetime of the TWA. This type of study may also inform us whether disks orbiting midto late-M stars (some of which will become brown dwarfs) have a greater chance of survival, due
to a dropoff in coronal activity after a few million years of evolution.

4.2.1

Sample and Observations

Our sample, listed in Table 4.1, was chosen based on the inclusion of these stars in Rodriguez
et al. (2015), as well as other works, as probable members of the TWA (see Section 4.4 for a
discussion of individual sample stars and evaluation of their membership in TWA). Our sources
were observed during the course of a Cycle 18 Large Program with the Chandra X-ray Observatory
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using the Advanced CCD Imaging Spectrometer (ACIS) array. A summary of the observations for
our Cycle 18 Large Program is given in Table 4.2. We have also included archival observations of
TWA 30, which have become available since the publication of our preliminary study (Kastner et al.,
2016). Each observation was obtained with the target system at the aim point of CCD S3 of the
Advanced CCD Imaging Spectrometer (ACIS) array. Figures 4.4–4.11 display the Chandra/ACISS3 images for each observation of each star that was detected in our sample, along with 2MASS J
band images of each star. All targets except TWA 15 and J1012-3124 were selected, based on their
proximity and spectral subtype coverage, from among the 17 recently-identified TWA members and
candidate members that were the subject of the Cycle 2 ALMA survey to search for the presence
of cold circumstellar dust and molecular gas around the lowest-mass TWA stars (Rodriguez et al.,
2015). Another five of the ALMA targets in Rodriguez et al. (2015) have already been the subject
of Chandra or XMM observations and were included in our initial study (Kastner et al., 2016).
The ALMA survey targets were chosen from published lists of recently identified members of the
TWA (see Rodriguez et al., 2015, and references therein), such that a kinematic analysis of these
stars suggests a very high likelihood of membership in the TWA, further confirmed by signatures
of youth observed in optical and near-IR spectroscopy. Specifically, many of these stars show
signatures of accretion (i.e., optical/IR emission lines) or warm circumstellar material (i.e., WISE
mid-IR excesses). The ALMA observations place definitive constraints on the mass of cold dust,
as well as cold gas (CO) in disks orbiting these low-mass stars (with a typical sensitivity of ∼10−2
Earth masses in dust; Rodriguez et al., 2015).

4.2.2

Presence or Absence of Circumstellar Disks

In the last column of Table 4.1, we indicate the presence or absence of warm (T ∼100–300
K) cirumstellar dust, as well as the presence or absence of cold (T < 100 K) circumstellar dust
and gas. The mid-infrared excesses were inferred by the assessment of WISE data in (Schneider
et al., 2012a). Almost all of the stars in our Cycle 18 sample have detectable IR excesses, which
imply that they all still have their warm, dusty disks. None of the ultra-low mass sources in our
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sample (spectral types less than M6) were detected in the ALMA survey, implying that the gas
disks orbiting these stars have very low masses and/or small radii in the Rodriguez et al. (2015)
ALMA survey.

4.3
4.3.1

Results and Analysis
Estimating Bolometric Luminosities and Effective Temperatures

For early M stars in our sample, we assumed effective temperatures and made use of the bolometric corrections available in Pecaut & Mamajek (2013) to calculate bolometric luminosities, Lbol ,
see their Table 6. For late M stars in our sample, we adopted effective temperatures and bolometric
luminosities by making use of the polynomial fits in Figures 4.3 and 4.2 from Faherty et al. (2016)
for a given spectral type. Our adopted effective temperatures and bolometric luminosities are listed
in Table 4.3, with Lbol also listed in units of log(Lbol /L ), where we use L = 3.846 × 1033 erg s−1
(Cox, 2000). Our estimates for Lbol are consistent with previously published values for stars in our
sample (Ducourant et al., 2014; Liu et al., 2015; Faherty et al., 2016; Gagné et al., 2017).

4.3.2

Chandra X-Ray Spectral Analysis

We have performed spectral extraction and analysis of Chandra X-ray data for the detected
stars in our sample. A summary of the Chandra observations of the stars is listed in Table 4.2.
We have also included archival observations of TWA 30, which have become available since the
publication of Kastner et al. (2016). All of these data were obtained using CCD S3 of the Advanced
CCD Imaging Spectrometer (ACIS) array. The resulting Chandra/ACIS-S3 images are displayed,
alongside 2MASS J band images of the systems, in Figures 4.4–4.11. The pipeline-processed data
files provided by the Chandra X-Ray Center were analyzed using standard science threads with
CIAO version 4.91 . The CIAO processing used calibration data from CALDB version 4.7.7. Source
spectra and associated calibration data were extracted within circular regions with diameters of 200
1

http://asc.harvard.edu/ciao
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centered on the stellar X-ray sources. The one exception to this is in the case of J1012-3124 AB (a
close separation binary, ∼100 ; Riedel, 2012), where the data were extracted within circuclar regions
with diameters of 100 centered on each member in the binary to avoid confusion between emission
from each source (see top panel of Figure 4.6). Background spectra were extracted within circular
regions from nearby, source-free regions. The CIAO tool specextract was used to extract spectra
with source-specific response matrix files (RMFs) and auxiliary response files (ARFs).
Spectral fitting was performed with the HEASOFT Xanadu software package (version 6.22)
using XSPEC 12 version 12.9.1.2 We adopted the XSPEC optically thin thermal plasma model
vapec, whose parameters are the plasma abundances, temperature, and emission measure (via the
model normalization). The potential effects of intervening absorption were included via XSPEC’s
wabs absorption model, although we found the absorbing column NH to be negligible in all cases.
We found that one temperature component is required to obtain acceptable fits to the spectra,
according to χ2 statistics, except for TWA 15 A and TWA 30 A, which required two temperature
components. Initially, we fixed the parameters for the plasma abundances to values that have
been determined to be typical of T Tauri stars in Taurus (Skinner & Güdel, 2013, and references
therein). These abundance values (relative to solar) are H = 1.0, He = 1.0, C = 0.45, N = 0.79,
O = 0.43, Ne = 0.83, Mg = 0.26, Al = 0.50, Si = 0.31, S = 0.42, Ar = 0.55, Ca = 0.195, Fe =
0.195, and Ni = 0.195. We then allowed the abundances of Ne and Fe to be free parameters, since
emission lines of these elements (plus O) tend to dominate the X-ray spectra of T Tauri stars in the
∼0.5–2.0 keV energy range (Kastner et al., 2002). We find that leaving the Ne and Fe abundances
free marginally improves the fit (slightly lowers the χ2 values). The results of the spectral analysis
are presented in Table 4.6 and Figures 4.12–4.18.

Chandra X-Ray Spectral Analysis for TWA 8, 9, and 13
In (Kastner et al., 2016), we analyzed archival Chandra X-ray data for the M star binary
systems TWA 8, 9, and 13 (Webb et al., 1999; Sterzik et al., 1999). Five of the six components
2

http://heasarc.gsfc.nasa.gov/xanadu/xspec
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of these systems are M-type stars, except TWA 9A, which is a K5 star. The binary separations
of TWA 8, 9 and 13 are ∼1300 , 600 and 500 , respectively. A summary of the available Chandra
observations of the three binary systems is given in Table 4.4. Each observation was obtained
using CCD S3 of the Advanced CCD Imaging Spectrometer (ACIS) array. Figure 4.19 displays the
Chandra/ACIS-S3 images for each binary system, along with 2MASS J band images of the systems.
The pipeline-processed data files were provided by the Chandra X-Ray Center and analyzed using
standard science threads with CIAO version 4.73 ; the CIAO processing made use of calibration data
from version 4.6.5 of CALDB, older versions than were used in Section 4.3.2. Source spectra and
calibration data were extracted using circular regions with diameters of ∼3–800 that were centered
on the stellar X-ray sources (see Figure 4.19); the background spectra were extracted using circular
regions from nearby, source-free regions. The background-subtracted source count rates are given
in Table 4.4. The CIAO tool specextract was used to extract spectra with source-specific response
matrix files (RMFs) and auxiliary response files (ARFs).
Spectral fitting was performed with the HEASOFT Xanadu 4 software package (version 6.16)
using XSPEC5 version 12.8.2, older versions than were used in Section 4.3.2. We used the same
analysis methods described in Section 4.3.2, although we found the absorbing column NH to be
negligible in all cases (with the possible exception of TWA 13A, for which we find NH ∼ 1.5 × 1018
cm−2 ). We also found that two temperature components are required to obtain acceptable fits to
the spectra of four of the six stars, based on χ2 statistics (the exceptions are the relatively faint
sources TWA 8B and 9B). The fits for the fixed parameter modeling are provided in Figure 4.20,
while the fits in which Ne and Fe were allowed to be free parameters are available in Figure 4.20.
The results of the spectral analysis are presented in Table 4.5 and Figure 4.21. The values for
LX over the energy range 0.3–8.0 keV obtained from the fits are within ∼30% of those determined
by Brown et al. (2015) in all cases. The characteristic plasma temperature is correlated with LX
for this small sample of TWA member stars. Specifically, the weakest X-ray sources (TWA 8B and
3

http://asc.harvard.edu/ciao
http://heasarc.gsfc.nasa.gov/docs/xanadu/xanadu.html
5
http://heasarc.gsfc.nasa.gov/xanadu/xspec
4
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9B) have best-fit plasma temperatures TX ∼ 8 MK, while the brighter sources (TWA 8A, 9A, 13A,
and 13B) have characteristic (emission-measure-weighted) plasma temperatures TX ∼ 15 MK. The
results indicate that TWA 8A may depart from the “standard” T Tauri star abundance pattern,
in that it appears deficient in Ne and overabundant in Fe. The other three stars for which we can
extract plasma abundance results with some confidence (TWA 9A, 13A, and 13B) show marginal
enhancements of Ne relative to the “standard” T Tauri star abundance.

4.3.3

X-Ray Luminosities

Table 4.7 lists X-ray luminosities (LX ) and X-ray luminosity upper limits derived for our entire
sample. The values of FX in row 11 of Table 4.6 are all calculated over the energy range of 0.3–8.0
keV, as described in Section 4.3.2. A few sources (e.g., TWA 30 A, TWA 32) were flaring during
observations, so each observation was analyzed separately. For nondetected targets with multiple
observations, the CIAO tool merge_obs was used to combine the observations and create a merged
event file and exposure-corrected image for each source. The number of counts for each source
was determined by comparing the number of counts in a standard extraction region ( circular
regions with diameters of 200 centered on the stellar X-ray sources) to the number of counts in a
standard background region, then the total number of counts was converted to a count rate using
the exposure time (or “livetime”) from the header of each observation. The CIAO tool srcflux6
was used to calculate upper limits of the count rates and fluxes for the undetected sources in our
Chandra observations (see Table 4.8). In addition, we have run PIMMS (Portable, Interactive
Multi-Mission Simulator) simulations for plasma models with the same parameters as adopted in
our initial TWA study (i.e., an assumed temperature of 10 MK, 0.6 solar abundance, and intervening
absorbing column density of 1020 cm−2 ) to calculate fluxes for the undetected sources. The typical
systematic error when using the PIMMS count rate to flux conversions is to underestimate fluxes
by approximately 5%, with larger errors possible. The values of FX estimated using the PIMMS
method versus the CIAO srcflux method are consistent within uncertainties. We then calculated
6

See http://cxc.harvard.edu/ciao/ahelp/srcflux.html for details about how this tool works.
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LX from the values of FX , assuming the distances listed in column 3 of Table 4.1; Columns 6 and
7 of Table 4.7 lists LX and log (LX /Lbol ), respectively.

4.4
4.4.1

Notes on Inclusion of Sources
BANYAN Method

Most of the following analysis on the inclusion of individual sources relies heavily on inferences
drawn from the use of the BANYAN code and updated, successively more detailed and efficient
versions of the code. Malo et al. (2013) developed and presented BANYAN (Bayesian Analysis for
Nearby Young AssociatioNs), which is a method based on Bayesian statistics, and used to identify
new members of nearby young kinematic groups. In this code, moving groups are modelled with
unidimensional Gaussian distributions in Galactic coordinates XY Z and space velocities U V W .
Minimally, the analysis performed in the code takes into account the position, proper motion,
magnitude and color of a star, and other observables (such as radial velocity and distance) can also
be added to bolster the results. The output of the code is an objective membership probability of a
given candidate star to an ensemble of moving groups. Later, BANYAN II7 was presented in Gagné
et al. (2014b), where the associations are modelled with freely rotating tridimensional Gaussian
ellipsoids in position and velocity spaces. These classification tools included only the seven youngest
(∼10–200 Myr) and nearest (<100 pc) moving groups, yet they were able to identify hundreds of
candidate members of nearby associations.
More recently, BANYAN Σ8 was released (Gagné et al., 2018b). This improved version of the
BANYAN tool includes 27 associations with ages ∼1–800 Myr, which completes the sample of
currently known associations within ∼150 pc. Additionally, BANYAN Σ includes improved Gaussian models of the Galactic disk and updated models of young associations (thanks to kinematic
data from Gaia). Specifically, the models are advanced to six-dimensional multivariate Gaussians
that capture full correlations in the XY Z U V W distribution of members. Even more importantly,
7
8

Available at www.astro.umontreal.ca/ gagne/banyanII.php.
It is publicly available in IDL and Python at www.exoplanetes.umontreal.ca/banyan/banyansigma.php.
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BANYAN Σ is much more efficient, solving the Bayesian marginalization integrals analytically, unlike the old models that used various approximations, hence making this tool ∼80,000 times faster
than its predecessor. This algorithm has the ability to derive membership probabilities for objects
with only sky coordinates and proper motion, but can also include parallax and radial velocity
measurements, as well as spectrophotometric distance constraints.
TWA 15 AB:
Although given a cononical TWA designation, the membership and inclusion of this binary
pair has been under debate. Zuckerman et al. (2001a) first suggested that these objects were
possible members of the TWA. Schneider et al. (2012a, and references therein) conclude that these
M stars are unlikely to be members of TWA, so they did not include them in their WISE-based
assessment of the presence or absence of IR excesses. However, Ducourant et al. (2014) find these
systems are likely TWA members, based on a convergent point analysis, so they were included in
our sample. More recently, Gagné et al. (2017) suggests that these stars are likely contaminants
from Centarus Crux, with BANYAN II Bayesian membership probabilities of 75.7% and 89.5%,
respectively. Pecaut & Mamajek (2016) suggests that the age of the Centarus Crux region lies in
the range ∼5–20 Myr, possibly making the age of TWA 15 AB closer to the age of the β Pictoris
Moving Group.
J1012-3124 AB:
Riedel (2012) first suggested that these objects were possible members of the TWA and were
given the designation TWA 39 AB. This system is a close binary (∼ 100 separation, see bottom
panel of Figure 4.6). Gagné et al. (2017) find that these stars are bona fide members of TWA, with
a BANYAN II Bayesian membership probability of 99.4%.
TWA 33:
Schneider et al. (2012b) first suggested that this object was a member of the TWA. Ducourant
et al. (2014) find that this star is indeed a likely TWA member, based on convergent point analysis.
Gagné et al. (2017) upgrades the membership status of this star from a high-likelihood candidate
member to a bona fide member, based on the inclusion of a new radial velocity measurement in
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BANYAN II, with a Bayesian membership probability of 98.6%.
TWA 34:
Schneider et al. (2012b) first suggested that this object was a member of the TWA. Ducourant
et al. (2014) find that this star is indeed a likely TWA member, based on convergent point analysis.
Gagné et al. (2017) upgrades the membership status of this star from a candidate member to a
high-likelihood candidate member, based on the inclusion of new optical and near-infrared spectra,
with a BANYAN II Bayesian membership probability of 98.3%. To be considered a high likelihood
candidate member some key information (i.e., radial velocity, parallax, or signs of youth) needs to
be measured.
TWA 32 AB:
Shkolnik et al. (2011) first suggested that these objects were possible members of the TWA.
Ducourant et al. (2014) find that this system is indeed a likely TWA member, based on convergent
point analysis. A new parallax measurement included in (Donaldson et al., 2016) indicates that it
should be considered a bona fide member of the TWA. Gagné et al. (2017) finds that these stars
are bona fide members of TWA, with a BANYAN II Bayesian membership probability of 99.6%.
J1111-2655:
Looper (2011) first suggested that these objects were possible members of the TWA, and was
given the designation TWA 37. Gagné et al. (2017) classifies this star as a candidate member of
the TWA, with a BANYAN II Bayesian membership probability of 99.3%.
J1203-3821:
Looper (2011) first suggested that thia object was a possible member of the TWA, and was
given the designation TWA 38. Gagné et al. (2017) classifies this star as a candidate member of
the TWA, with a BANYAN II Bayesian membership probability of 99.5%.
J1247-3816:
Gagné et al. (2014a) first suggested that this object was a possible member of the TWA, found as
part of the BANYAN all-sky survey (BASS) for brown dwarf members of nearby young associations.
Gagné et al. (2017) classifies this star as a candidate member of the TWA, with a BANYAN II
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Bayesian membership probability of 49.4%. Gaia has provided updated kinematics for this object
in Data Release 2 (DR2; Lindegren et al., 2018), and along with a radial velocity measurement,
Gagné et al. (2018a) has used BANYAN Σ (Gagné et al., 2018b) to yield a new Baysian membership
probability of 87.9%. It should be noted that Gagné et al. (2018a) also states that the object has
a 0% Baysian membership probability in the Lower Centarus Crux (LCC) association, which has
been known to contaminate the search for TWA members, since LCC is in the same region of the
sky, but is more distant than the TWA.
TWA 29:
Looper et al. (2007) first suggested that these objects were possible members of the TWA.
Ducourant et al. (2014) find that this system is indeed a likely TWA member, based on convergent
point analysis. Gagné et al. (2017) upgrades the membership status of this star from a highlikelihood candidate member to a bona fide member, based on the inclusion of a new radial velocity
measurement in BANYAN II, with a Bayesian membership probability of 99%.
J1207-3900:
Gagné et al. (2014a) first suggested that this object was a possible member of the TWA,
found as part of the BANYAN all-sky survey (BASS) for brown dwarf members of nearby young
associations, and given the designation TWA 40. Gagné et al. (2017) classifies this star as a
high-likelihood candidate of the TWA, with a BANYAN II Bayesian membership probability of
99.6%. Gagné et al. (2018a) upgrades the membership status of this star from a high-likelihood
candidate member to a bona fide member, with a Baysian membership probability of 99.8%. This
reclassification is based on the inclusion of new kinematic data from Gaia DR2 and the radial
velocity used in Gagné et al. (2017) with the updated tool BANYAN Σ.
TWA 30 AB:
Looper et al. (2010b,a) first suggested that these objects were possible members of the TWA.
Ducourant et al. (2014) find that this system is indeed a likely TWA member, based on convergent
point analysis. Gagné et al. (2017) finds that these stars are bona fide members of the TWA, with
a BANYAN II Bayesian membership probability of 100%.
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4.5
4.5.1

Discussion
Trends in X-Ray Luminosity and Disk Fraction

In Figure 4.22 we plot the log of the ratio of X-ray luminosity to bolometric luminosity,
log(LX /Lbol ), as a function of M spectral subtype for all the TWA stars in this sample and in
Kastner et al. (2016), plotted in red and black, respectively. We confirm the trend observed in
Kastner et al. (2016), specifically that the earliest-type (M0–M2) stars cluster near log(LX /Lbol )
≈ -3.0, and then log(LX /Lbol ) decreases, and its distribution broadens, for spectral types M4 and
later. We overlay the empirical relationships determined for pre-MS low-mass stars and brown
dwarf candidates in Taurus (Grosso et al., 2007) on Figure 4.22. By overlaying this empirical relationship, we see that the early-M-type TWA stars (i.e., those with Lbol > 0.1L ) are overluminous
in X-rays, relative to Taurus pre-MS stars of the same bolometric luminosity. On the other hand,
the mid- to late-M-type TWA stars (i.e., those with Lbol < 0.02L ) are underluminous in X-rays,
relative to Taurus pre-MS stars of the same bolometric luminosity. To bolster this assertation, we
fit linear trend lines to the early-M-type TWA stars and the late-M-type TWA stars independently.
We find that the slope of the linear trend for early-M-type TWA stars is -0.06 ± 0.06, whereas the
slope of the linear trend for late-M-type TWA stars is -0.14 ± 0.07. Considering the uncertainties,
it may not be obvious that these populations of stars have different slopes in log(LX /Lbol ). We
note that the trend for late-M-type stars will probably steepen if we properly account for the upper
limits on nondetections. Additionally, the evidence for primordial circumstellar disk mass increases
as stellar mass decreases. This observed trend occurs near the same spectral type boundary where
LX /Lbol appears to decline. Specifically, the disk fraction (number of sample stars with evidence
for disks) for early-M-type stars is 10%, while the disk fraction for late-M-type stars is 60%.

4.5.2

Trends in TX ?

In Figure 4.23 we plot the X-ray plasma temperature (coronal temperature, TX ) as a function
of effective temperature (Tef f ) for all the TWA stars in our sample for which we have modeled
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their X-ray spectra. In Figure 4.24 we plot the X-ray luminosity (LX ) as a function of X-ray
plasma temperature (TX ) for all the TWA stars in our sample for which we have modeled their
X-ray spectra. We do not observe a correlation between coronal temperature (TX ) and effective
temperature (Tef f ) or a correlation between coronal temperature (TX ) and X-ray luminosity (LX ).

4.5.3

Variability

Figures 4.25–4.36 present light curves for all observations of all sources in our sample. Evidence
for flaring is readily apparent for observations of TWA 34, TWA 32, and TWA 30 A. Since variability
is not always obvious for our observations, we use the CIAO tool glvary to search for variability.
This tool uses the Gregory-Loredo variability test algorithm to look for significant variations in the
count rate by splitting the events into multiple time bins, hence provide the probability that the
flux from the source region is not constant throughout the observation. This produces a variability
index based on an odds ratio (such that the arrival times of the events within the source region
for each band are not uniformly distributed in time), which corresponds to the probability of there
being a variable signal, as well as values for the fractions of the light curve that are within 3σ and 5σ
of the average count rate. The algorithm is insensitive to the shape of the lightcurve and it should
not overinterpret the data for low count rate sources since it requires a statistically significant
deviation to detect variability. Probabilities above 0.9 indicate a source can be considered variable;
for probabilities below 0.5, a source can be considered non-variable. However, for the range of
probabilities 0.5 < P < 0.9, the probability is considered ambiguous, and additional criteria are
required to interpret the results. Thus, the light curve, its average standard deviation, and the
average count rate should also be taken into account in these cases9 .
The results of our variability analysis are presented in Table 4.9. Column 4 in Table 4.9 lists
the probability of variability of each source during our observations, while column 5 presents the
variability index, and column 6 presents the resulting interpretation of the variability index. We
find that glvary confirms that flaring does occur during observations of TWA 34, TWA 32, and
9

See http://cxc.harvard.edu/ciao/threads/variable/ for more details.
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TWA 30 A. For the rest of the observations, the deviations in the light curves were not significant
enough to be considered variable. We find that for sources with multiple observations, where one
observation exhibited evidence of a flare (i.e., TWA 32 and TWA 30 A), we detect a corresponding
increased count rate during the observation where flaring occured. We find that perhaps late-Mtype stars are more variable than early-M-type stars, but there are not enough stars in the sample
to confirm that there is a trend.

4.5.4

Log(LX /Lbol ): A Possible Predictor of H-burning Limit?

We may be able to predict the evolution of these proto-stars and proto-brown dwarfs by the trend
we observe in Figure 4.22, namely the drop in the log of the ratio of X-ray luminosity to bolometric
luminosity, log(LX /Lbol ), around spectral type M4. The spectral type boundary where the (∼8
Myr old) TWA stars appear to display a decline in log(LX /Lbol ) — i.e., near M4 — approximately
corresponds to the dividing line between ∼8 Myr-old pre-MS stars that will and will not undergo
core H-burning once on the main sequence, according to evolutionary models (e.g., D’Antona &
Mazzitelli, 1997). Thus, by using this discontinuity, we may be able to observationally predict
the stellar/substellar boundary without relying on evolutionary models. As discussed in Dieterich
et al. (2014), such discontinuities may reflect the different fundamental processes responsible for
the pressure supporting stars (nuclear fusion) and brown dwarfs (electron degeneracy pressure).
This discontinuity may also allow us to infer the topology of the magnetic fields of our sources
from log(LX /Lbol ). For main sequence M dwarfs, there is a direct manifestation of the differing
internal structures that results in clear differences in the magnetic topologies on either side of the
full convection threshold (main sequence spectral type M4, ∼0.35 M ; Baraffe et al., 1998). The
field configuration for higher mass M stars is more complex (i.e. a non-axisymmetric poloidal field
with a strong toroidal component and weak dipole component), whereas lower mass M stars have
axisymmetric magnetic fields with strong dipole components (Donati et al., 2008; Morin et al.,
2010; Lang et al., 2012). Gregory et al. (2012) recognized that there is a similarity between the
magnetic properties of pre-main sequence stars and low-mass-main sequence dwarfs, speculating
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that a bistable dynamo process operates with weak and strong field branches for very low mass premain sequence stars (with weak dipole components corresponding to the weak field dynamo branch
and strong dipole components corresponding to the strong field dynamo branch). Gregory et al.
(2012) therefore suggests that magnetic topology trends may help to constrain pre-main sequence
stellar evolution models. If we extrapolate this information to our sample of pre-main sequence
stars and pre-main sequence brown dwarfs, then perhaps we can relate a more complex magnetic
topology to a larger observed ratio of X-ray luminosity to bolometric luminosity, whereas a less
complex field would produce a smaller observed value of log(LX /Lbol ). Magnetic maps have yet to
be obtained for the lowest mass pre-main sequence objects, so the bistable dynamo boundary is
unconstrained. Thus, it would be beneficial to obtain information about the magnetic topologies
of very low mass pre-main sequence objects through spectropolarimetric observations.
Figure 4.37 presents a Hertzsprung-Russell (HR) diagram of all the M stars in the TWA with
X-ray observations, including stars targeted in this study and those that were the subject of Kastner
et al. (2016). The HR diagram positions of the low-mass TWA members are overlaid with pre-main
sequence isochrones and pre-main sequence tracks for a variety of ages and masses, presented in
Baraffe et al. (2015). Furthermore, we distinguish between X-ray bright (log(LX /Lbol > -4.0) and
X-ray faint (log(LX /Lbol ) < -4.0) sources. Figure 4.37 shows that there are two distinct populations
of stars, X-ray bright and X-ray faint objects, residing in two distinct regions of the HR diagram.
The X-ray bright population of stars lies above the pre-main sequence track that corresponds to
the hydrogen burning limit (M = 0.08M ), whereas the X-ray faint population of stars lies below
this track. We suggest that the distinction between X-ray bright and X-ray faint at this age may be
a predictor of which objects will evolve into stars and which will become brown dwarfs. This type
of analysis could be a new and novel way to predict the hydrogen burning limit and predict the
future of these young stellar objects. We note, however, that this analysis is based on theoretical
pre-main sequence evolutionary models which have yet to be validated. In addition, the physics of
very low-mass objects is not yet fully understood, and there are many different pre-main sequence
evolutionary models available, all of which vary in complexity (e.g., Baraffe et al., 2015; Tognelli
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et al., 2011).

4.6

Summary and Conclusions

Thanks to their low luminosities and close-in habitable zones M stars represent the best targets
for the discovery and characterization of potentially habitable exoplanets, but low-mass pre-main
sequence stars are characterized by intense high energy radiation and a potentially habitable planet
is more directly exposed to radiation, threatening the habitability of these planets. To improve
our understanding of the potential effects of X-rays on planet formation in disks orbiting M stars,
we must characterize the X-ray emission properties of such stars at pre-MS ages >3 Myr, i.e., the
epoch during or just after giant planet building and just preceding terrestrial planet building. At
a mean distance of just ∼50 pc and age of ∼8 Myr, the TW Hya Association (TWA) is an ideal
target for this type of investigation. Hence, we have conducted a survey of very cool members of the
TWA with the Chandra X-ray Observatory during Cycle 18 to extend our preliminary study of the
potential connections between M star disks and X-rays to the extreme low-mass end of the stellar
initial mass function. These observations more than double the number of TWA members with
spectral types in the M4–M9/L0 range with sensitive X-ray observations, such that the early-M
star and mid- to late-M star regimes are now equally represented. This extended survey supports
the conclusions found in the initial survey: there exists a trend of decreasing X-ray luminosity
relative to bolometric luminosity (LX /Lbol ) with decreasing effective temperature (Tef f ) for TWA
M stars. The earliest-type (M0–M2) stars appear overluminous in X-ray luminosity, while spectral
types M4 and later appear underluminous in X-rays, compared to very young pre-main sequence
stars of similar spectral type and luminosity. Additionally, the fraction of TWA stars that display
evidence for residual primordial disk material sharply increases in this same (mid-M) spectral
type regime. Thus, our data suggests that disk survival times may be longer for ultra-low-mass
stars and brown dwarfs than for higher-mass M stars. Additionally, we present an HR diagram
analysis overlaid with pre-main sequence evolutionary models. X-ray bright objects lie above the
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hydrogen burning limit, while X-ray faint objects lie below the hydrogen burning limit, perhaps
predicting which objects in our sample will become stars and which objects will become brown
dwarfs. These types of observations will serve as a unique resource over the next decade to provide
key information about the X-ray radiation fields of M dwarfs to develop and constrain the present
generation of protoplanetary disk photoevaporation models, which can then be used to explore the
realistic effects of M dwarf X-rays on planet formation around the lowest-mass stars, including the
survival of atmospheres of terrestrial planets.
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Figure 4.1: Log of the ratio of X-ray to bolometric luminosity for TWA M-type stars, plotted as
a function of spectral subclass. Magenta, red, and green symbols indicate ROSAT, XMM, and
Chandra observations, respectively. Filled and open circles represent stars with and without warm
circumstellar dust, i.e., with and without detectable mid-IR excesses; an ‘X’ indicates the IR excess
status of the star is unknown. The solid line indicates the dependence of log (LX /Lbol ) on spectral
type, and dashed lines the 1σ scatter in log (LX /Lbol ), determined for low-mass T Tauri stars and
young brown dwarf candidates that were included in the XMM-Newton extended survey of Taurus
(XEST; Güdel et al., 2007).
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-31:24:45.3
-30:40:00.0
-28:30:37.0
-33:16:12.0
-26:55:02.0
-38:21:40.0
-38:16:46.0
-44:29:07
-39:00:04.0
-30:19:51.8
-30:18:31.7

Dec.

D (pc)
113
57
41
50
66
44
56
64
26
60
46
46

Spectral Typea
M3+M3.510
M4+M49
M54
M54
M63,5
M66
M86
M97
M9.58
L0/17
M52
M41

N (W)
Y (W)
Y/Y (W/A)
Y/Y (W/A)
Y/Y (W/A)
N/N (W/A)
Y?/N (W/A)
Y/N (W/A)
Y?/N (W/A)
Y?/N (W/A)
Y/N (W/A)
Y/Y (W/A)

Evidence for disk?b

c

PI: Grosso.

W = WISE mid-IR excess (Y) or lack thereof (N), A = circumstellar dust detection (Y) or nondetection (N) based on ALMA survey
data (Rodriguez et al., 2015).

b

References: (1) Looper et al. 2010b, (2) Looper et al. 2010a, (3) Shkolnik et al. 2011, (4) Schneider et al. 2012b, (5) Rodriguez et al.
2011, (6) Looper 2011, (7) Gagné et al. 2014b, (8) Looper et al. 2007, (9) Riedel et al. 2014, (10) ) Zuckerman et al. 2001a; Manara et al.
2013.

a

2MASS Designation

Object

Table 4.1. TWA Chandra Survey Targets
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Table 4.2. Observations
Object

Observation ID

Observation Date

Exposure Time (ks)

Count Rate (cts/s)

TWA 15AB
J1012–3124 AB
TWA 33
TWA 34
TWA 32

18900
18903
18897
18899
18898
20056
18895
18896
20060
20061
18902
20057
18894
18901
13653
14421

2017-04-23
2017-03-08
2017-04-03
2017-11-23
2017-04-09
2017-04-14
2017-04-06
2017-04-17
2017-04-21
2017-08-30
2017-04-12
2017-04-15
2017-04-19
2017-04-04
2012-04-16
2012-04-14

20.119
19.798
29.671
29.569
35.389
24.240
26.734
14.863
17.558
26.611
30.429
40.009
29.661
59.345
50.401
33.624

2.94 x 10−2 , 1.80 x 10−2
1.26 x 10−2 , 1.13 x 10−2
6.79 x 10−3
1.07 x 10−2
9.72 x 10−3
4.18 x 10−3
3.75 x 10−3
<1.35 x 10−4
<5.70 x 10−5
<7.52 x 10−5
<3.29 x 10−5
<2.50 x 10−5
<6.74 x 10−5
<1.69 x 10−5
2.87 x 10−3 , <9.92 x 10−5
1.06 x 10−2 , <8.92 x 10−5

J1111–2655
J1203–3821

J1247–3816
TWA 29
J1207–3900
TWA 30 ABa

a

PI: Grosso.

Table 4.3. Bolometric Luminosities
Object

Spectral Type

Tef f
(K)

TWA 15 A
TWA 15 B
J1012–3124 A
J1012–3124 B
TWA 30 B
TWA 30 A
TWA 33
TWA 34
TWA 32
J1111–2655
J1203–3821
J1247–3816
TWA 29
J1207–3900

M3
M3.5
M4
M4
M4
M5
M5
M5
M6
M6
M8
M9
M9.5
L0/1

3360
3260
3160
3160
3160
2880
2880
2880
2840
2840
2650
2450
2250
2150

Lbol
(erg s−1 )
4.22
4.38
4.88
4.88
4.88
8.09
8.09
8.09
7.67
7.67
9.66
6.10
3.85
3.05

x
x
x
x
x
x
x
x
x
x
x
x
x
x

1032
1032
1032
1032
1032
1031
1032
1032
1031
1032
1030
1030
1030
1030

Lbol /L

1.10
1.14
1.27
1.27
1.27
2.10
2.10
2.10
1.99
1.99
2.51
1.59
1.00
7.93

x
x
x
x
x
x
x
x
x
x
x
x
x
x

10−1
10−1
10−1
10−1
10−1
10−2
10−2
10−2
10−2
10−2
10−3
10−3
10−3
10−4
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Figure 4.2: A plot of spectral type versus bolometric luminosity for very low mass stars. The
field polynomial and residuals are from Filippazzo et al. (2015) and are represented by the gray
area. Objects with measured parallaxes or estimated kinematic distances of high confidence group
members included in Faherty et al. (2016) are overplotted. The different symbols distinguish
between very low– (γ) and intermediate– (β) gravity sources. The objects are color-coded by group
membership. This figure was adopted from Faherty et al. (2016).

Table 4.4. Chandra X-Ray Observations of TWA 8, 9, and 13

Obs. ID (PI)
Exp. (ks)
Count Rate, Comp. A (ks−1 )
Count Rate, Comp. B (ks−1 )

TWA 8

TWA 9

TWA 13

8569 (Herczeg)
4.560
615 (13)
47 (4)

8570 (Herczeg)
4.563
482 (10)
52 (3)

12389 (Brown)
14.570
449 (6)
543 (6)
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Figure 4.3: A plot of spectral type versus temperature for very low mass stars. The field polynomial
and residuals are from Filippazzo et al. (2015) and are represented by the gray area. Objects with
measured parallaxes or estimated kinematic distances of high confidence group members included
in Faherty et al. (2016) are overplotted. The different symbols distinguish between very low– (γ)
and intermediate– (β) gravity sources. The objects are color-coded by group membership. This
figure was adopted from Faherty et al. (2016).
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Figure 4.4: Chandra/ACIS-S3 image of TWA 15AB, with orientation and scale indicated, alongside
2MASS J band image of the system at the same orientation and scale.

Figure 4.5: Chandra/ACIS-S3 image of J1012-3124, with orientation and scale indicated, alongside
2MASS J band image of the system at the same orientation and scale.
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Figure 4.6: Top: Chandra/ACIS-S3 image of J1012-3124, with orientation and scale indicated,
with extraction regions indicated for each component of the binary system. Bottom: Positions of
J1012-3124 A (E) and B (W) where they are resolved, with a reference star with a single-star PSF
for comparison. This figure was adopted from Riedel (2012).
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Figure 4.7: Chandra/ACIS-S3 image of TWA 33, with orientation and scale indicated, alongside
2MASS J band image of the star at the same orientation and scale.

Figure 4.8: Chandra/ACIS-S3 image of TWA 34, with orientation and scale indicated, alongside
2MASS J band image of the star at the same orientation and scale.
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Figure 4.9: Chandra/ACIS-S3 images of both observations of TWA 32, with orientation and scale
indicated, alongside 2MASS J band images of the star at the same orientation and scale.
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Figure 4.10: Chandra/ACIS-S3 images of both observations of TWA 30A, with orientation and
scale indicated, alongside 2MASS J band images of the star at the same orientation and scale.
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Figure 4.11: Chandra/ACIS-S3 images of both observations of the TWA 30 system, with orientation
and scale indicated, alongside 2MASS J band images of the system at the same orientation and
scale. It is apparant that TWA 30B was not detected in X-rays at this sensitivity.
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Figure 4.12: Chandra/ACIS X-ray spectra (crosses) of the A (top) and B (bottom) binary components of the TWA 15 system, with T Tauri star model two-component and one-component absorbed
plasma models (histograms), respectively, overlaid. The models on the right have allowed Neon
and Iron to be free in the fitting.
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Figure 4.13: Chandra/ACIS X-ray spectra (crosses) of the A (top) and B (bottom) binary components of the J1012-3124 system, with T Tauri star model one-component absorbed plasma models
(histograms) overlaid. The models on the right have allowed Neon and Iron to be free in the fitting.
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Figure 4.14: Chandra/ACIS X-ray spectra (crosses) of TWA 33, with T Tauri star model onecomponent absorbed plasma models (histograms) overlaid. The models on the right have allowed
Neon and Iron to be free in the fitting.

Figure 4.15: Chandra/ACIS X-ray spectra (crosses) of TWA 34, with T Tauri star model onecomponent absorbed plasma models (histograms) overlaid. The models on the right have allowed
Neon and Iron to be free in the fitting.
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Figure 4.16: Chandra/ACIS X-ray spectra (crosses) of both opservations of TWA 32, with T Tauri
star model one-component absorbed plasma models (histograms) overlaid. The models on the right
have allowed Neon and Iron to be free in the fitting.
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Figure 4.17: Chandra/ACIS X-ray spectra (crosses) of J1111-2655, with T Tauri star model onecomponent absorbed plasma models (histograms) overlaid. The models on the right have allowed
Neon and Iron to be free in the fitting.

Table 4.5. X-Ray Spectral Analysis: Results
Star
Parametera

FX

Ne
Fe
kT1 (keV)
T1 (MK)
kT2 (keV)
T2 (MK)
EM1 (×1052 cm−3 )
EM2 (×1052 cm−3 )
χ2red
d.o.f.
(×10−12 ergs cm−2 s−1 )
LX (×1029 ergs s−1 )
log LX /Lbol

TWA 8A

TWA 8B

TWA 9A

TWA 9B

TWA 13A

TWA 13B

0.11 (0.03)
1.2 (0.3)
0.80 (0.06)
9.3
2.5 (0.6)
29
3.44
2.32
0.78
102
2.8
6.3
−2.88

0.4 (0.4)
0.11 (0.06)
0.68 (0.16)
7.9
...
...
0.36
...
2.97
6
0.26
0.46
−3.25

1.2 (0.4)
0.13 (0.04)
0.80 (0.05)
9.3
2.5 (0.5)
29
3.47
2.90
1.41
80
2.2
7.2
...

1.1 (0.9)
0.12 (0.06)
0.68 (0.16)
7.9
...
...
0.26
...
2.72
7
0.20
0.64
−3.38

1.4 (0.2)
0.18 (0.04)
0.40 (0.03)
4.7
2.1 (0.1)
24
2.46
5.64
1.36
139
2.5
9.2
−2.93

1.6 (0.2)
0.15 (0.03)
0.44 (0.04)
5.1
2.3 (0.1)
27
2.69
6.73
1.49
155
3.1
11.1
−2.85

a
Fitting parameters are as follows: Ne, Fe are abundances of these elements with respect to solar; T1 , T2 and
EM1 , EM2 are, respectively, the temperatures and emission measures of the two plasma components; χ2red and
“d.o.f.” are the reduced χ2 and degrees of freedom of the fit, respectively; and FX and LX are the intrinsic X-ray
flux and X-ray luminosity, respectively.
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Figure 4.18: Chandra/ACIS X-ray spectra (crosses) of both opservations of TWA 30A, with T Tauri
star model one-component and two-component absorbed plasma models (histograms), respectively,
overlaid. The models on the right have allowed Neon and Iron to be free in the fitting.
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Figure 4.19: Chandra/ACIS-S3 images of TWA 8 (top), 9 (middle), and 13 (bottom), with orientation and scale indicated, alongside 2MASS J band images of the same systems at the same
orientation and scale. This figure was adopted from Kastner et al. (2016).
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TWA 8A, TTS Model
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Figure 4.20: Chandra/ACIS X-ray spectra (crosses) of the A (left) and B (right) binary components
of the TWA 8 (top row), 9 (middle row), and 13 (bottom row) systems, with T Tauri star model
two-component absorbed plasma models (histograms) overlaid.
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TWA 8A, modified TTS Model
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Figure 4.21: Chandra/ACIS X-ray spectra (crosses) of the A (left) and B (right) binary components
of the TWA 8 (top row), 9 (middle row), and 13 (bottom row) systems, with best-fit two-component
absorbed plasma models (histograms) overlaid.
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0.83
0.44
1.23
0.51
0.48
0.00
0.49
0.51
0.50
3.98
2.44

(0.48)
(0.44)
(0.62)
(1.08)
(0.83)
(2.08)
(0.42)
(0.61)
(0.66)
(4.97)
(2.20)

Ne
0.20
0.07
0.13
0.22
0.27
0.34
0.09
0.00
0.06
0.001
0.04

(0.11)
(0.03)
(0.05)
(0.07)
(0.20)
(0.11)
(0.03)
(0.16)
(0.06)
(0.200)
(0.11)

Fe
0.417
0.859
0.786
0.859
0.721
1.026
0.799
0.396
0.493
1.688
1.231

(0.104)
(0.104)
(0.115)
(0.112)
(0.103)
(0.064)
(0.098)
(0.274)
(0.277)
(0.745)
(0.774)

kT1

b

4.84 (1.20)
9.97 (1.21)
9.12 (1.33)
9.97 (1.30)
8.36 (1.20)
11.91 (0.74)
9.27 (1.14)
4.60 (3.18)
5.73 (3.21)
19.59 (8.65)
14.29 (8.98)

Parametera
T1 c
15.186 (9.231)
28.469 (5.323)
4.804 (1.140)
3.804 (0.896)
2.591 (0.711)
2.061 (0.312)
4.982 (0.976)
4.237 (8.899)
1.256 (1.688)
0.509 (0.232)
1.775 (4.690)

EM1 d
1.003
1.083
1.108
0.899
0.7
1.679
1.152
0.47
0.605
1.444
0.952

χ2red
25
16
10
8
9
15
17
2
2
7
17

d.o.f.

2.882
1.646
1.316
1.169
1.661
0.875
0.865
0.579
0.431
0.270
1.180

FX e

separate epochs.

a 2T fit, with kT2 = 2.776 (8.799) keV, T2 = 32.218 (102.105) MK, and EM2 = 0.056 (0.436) ×1052 cm−3 .

h Two

a 2T fit, with kT2 = 1.733 (0.366) keV, T2 = 20.107 (4.243) MK, and EM2 = 2.620 (0.384) ×1052 cm−3 .

units of ×10−13 ergs cm−2 s−1 .

d In
e In

g Requires

units of ×1051 cm−3 .

c In

f Requires

units of keV.
units of MK.

b In

a Fitting parameters are as follows: Ne, Fe are abundances of these elements with respect to solar; T , T and EM ,
1
2
1
EM2 are, respectively, the temperatures and emission measures of the two plasma components; χ2red and “d.o.f.” are
2
the reduced χ and degrees of freedom of the fit, respectively; and FX and LX are the intrinsic X-ray flux and X-ray
luminosity, respectively.

TWA 15 Af
TWA 15 B
J1012-3124 A
J1012-3124 B
TWA 33
TWA 34
TWA 32h
TWA 32h
J1111-2655
TWA 30 Ah
TWA 30 Ag,h

Star

Table 4.6. X-Ray Spectral Analysis: Results
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Table 4.7. X-ray Luminosities
Object

Observation ID

Spectral Type

D
(pc)

FX
(erg s−1 cm−2 )

LX
(erg s−1 )

log(LX /Lbol )

TWA 15 A
TWA 15 B
J1012–3124 A
J1012–3124 B
TWA 30 B
TWA 30 A

18900
18900
18903
18903
merged
13653
14421
18897
18899
18898
20056
18895
merged
merged
18894
18901

M3
M3.5
M4
M4
M4
M5

113
113
57
57
42
42

M5
M5
M6

41
50
66

M6
M8
M9
M9.5
L0/1

44
56
64
26
60

2.88 x 10−13
1.65 x 10−13
1.32 x 10−13
1.17 x 10−13
<1.02 x 10−15
2.70 x 10−14
1.18 x 10−13
1.66 x 10−13
8.75 x 10−14
8.65 x 10−14
5.79 x 10−14
4.31 x 10−14
<1.21 x 10−15
<2.04 x 10−16
<9.67 x 10−16
<2.42 x 10−16

4.40 x 1029
2.52 x 1029
5.12 x 1028
4.54 x 1028
<2.37 x 1026
5.70 x 1027
2.49 x 1028
3.34 x 1028
2.62 x 1028
4.51 x 1028
3.02 x 1028
9.98 x 1027
<4.56 x 1026
<9.98 x 1025
<7.82 x 1025
<1.04 x 1026

-2.98
-3.24
-3.98
-4.03
<-6.31
-4.15
-3.51
-3.38
-3.49
-3.23
-3.41
-3.89
<-4.33
<-4.79
<-4.69
<-4.47

TWA 33
TWA 34
TWA 32
J1111–2655
J1203–3821
J1247–3816
TWA 29
J1207–3900

Table 4.8. X-ray Upper Limits
Object

D
(pc)

Count Rate
(x 10−5 cts s−1 )

FX
(x 10−16 erg s−1 cm−2 )

J1203–3821
J1247–3816
TWA 29
J1207–3900
TWA 30 B

56
64
26
60
42

<8.470
<1.420
<6.743
<1.685
<7.141

<12.140
<2.035
<9.667
<2.416
<10.240
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Figure 4.22: Log of the ratio of X-ray to bolometric luminosity for TWA M-type stars, plotted as
a function of spectral subclass. Black symbols represent observations from the first study and red
symbols represent observations from our follow up survey. Filled and open circles represent stars
with and without warm circumstellar dust, i.e., with and without detectable mid-IR excesses; an
‘X’ indicates the IR excess status of the star is unknown. The solid line indicates the dependence
of log (LX /Lbol ) on spectral type, and dashed lines the 1σ scatter in log (LX /Lbol ), determined for
low-mass T Tauri stars and young brown dwarf candidates that were included in the XMM-Newton
extended survey of Taurus (XEST; Güdel et al., 2007).
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Table 4.9. Variability
Object

Observation ID

Spectral Type

Probability of Variability

Variability Indexa

Result

TWA 15 A
TWA 15 B
J1012–3124 A
J1012–3124 B
TWA 30 B

18900
18900
18903
18903
13653
14421
13653
14421
18897
18899
18898
20056
18895

M3
M3.5
M4
M4
M4

0.66
0.08
0.75
0.14
0.38
0.37
0.14
1.00
0.09
0.99
1.00
0.42
0.80

1
2
0
0
0
0
0
9
0
6
9
0
2

Considered not variable
Definitely not variable
Definitely not variable
Definitely not variable
Definitely not variable
Definitely not variable
Definitely not variable
Definitely variable
Definitely not variable
Definitely variable
Definitely variable
Definitely not variable
Probably not variable

TWA 30 A
TWA 33
TWA 34
TWA 32
J1111–2655
a

M5
M5
M5
M6
M6

Variability Index derived from CIAO tool glvary, see: http://cxc.harvard.edu/ciao/threads/variable/.

Figure 4.23: X-ray plasma temperature as a function of effective temperature for the sample of
TWA stars with modeled spectra.
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Figure 4.24: X-ray luminosity as a function of X-ray plasma temperature for the sample of TWA
stars with modeled spectra.
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Figure 4.25: Light curves of the A (top) and B (bottom) binary components of the TWA 15 system.
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Figure 4.26: Light curves of the A (top) and B (bottom) binary components of the J1012-3124
system.
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Figure 4.27: Light curve of TWA 33.

Figure 4.28: Light curve of TWA 34.
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Figure 4.29: Light curves of both observations of TWA 32.
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Figure 4.30: Light curve of J1111-2655.
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Figure 4.31: Light curves of all opservations of J1203-3821.
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Figure 4.32: Light curves of both observations of J1247-3816.
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Figure 4.33: Light curve of TWA 29.

Figure 4.34: Light curve of J1207-3900.
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Figure 4.35: Light curves of both observations the A binary componentsof the TWA 30 system.
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Figure 4.36: Light curves of both observations the B binary componentsof the TWA 30 system.
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Figure 4.37: The H-R diagram positions of low-mass TWA members overlaid with Baraffe pre-main
sequence isochrones and pre-main sequence tracks for a variety of ages and masses (Baraffe et al.,
2015).
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5

IDENTIFYING NEARBY, YOUNG STARS WITH GAIA

Note: This chapter summarizes and further elaborates on a paper that was published in The
Astrophysical Journal, Volume 841, Issue 2, article id. 73, 2017.
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Chapter 5. Identifying Nearby, Young Stars with Gaia

5.1

Abstract

The Gaia mission can serve as a powerful tool to identify nearby young stars with its unprecedented high-precision parallax measurements and proper motions for approximately 109 stars.
Kastner et al. (2017) used the data available in Gaia Data Release 1 (DR1) to estimate the distances
and ages of a subsample of Galex Nearby Young Star Survey (GALNYSS; Rodriguez et al., 2013)
stars with parallax distances ≤ 120 pc. The youth of these stars is discernable from their relative
positions, compared to main sequence stars and giant stars, in Gaia-based color-magnitude and
color-color diagrams produced for all Galex and WISE-detected stars with parallax measurements
available in Gaia DR1. Pre-main sequence isochrones in color-magnitude diagrams, along with a
comparison with known nearby, young stars, were used to estimate ages for individual candidate
stars, indicating that the isochronal ages of all 19 stars in the Kastner et al. (2017) sample lie in
the range ∼10–100 Myr. Nine of the 19 objects in the Kastner et al. (2017) study had not been
previously categorized as nearby, young stars. Hence, the information available in Gaia DR1 presented here indicates that the GALNYSS sample likely includes hundreds of nearby, young stars,
a large fraction of which have not been previously identified as having ages <∼100 Myr.

5.2

Introduction

Knowledge of the population of young (<100 Myr) stars that lie within ∼100 pc of the Sun
(Zuckerman & Song, 2004; Torres et al., 2008; Kastner, 2016) has recently increased dramatically.
These nearby, young stars, are generally found in loose kinematic groups (nearby young moving
groups – NYMG; for a recent review see Mamajek, 2016). NYMGs provide unique test beds
for pre-main sequence stellar evolution and the late stages of evolution of protoplanetary disks
(Chauvin, 2016, and references therein), while their members represent the best targets for direct
imaging searches for massive, self-luminous exoplanets (e.g., Chauvin, 2016). The Gaia mission
(Gaia Collaboration et al., 2016) will provide high-precision parallaxes and proper motions for ∼109
stars, which will make Gaia an invaluable tool to confirm or refute the status of nearby, young star
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candidates.
Most late-type members of NYMGs have been discovered by their large (compared to late-type
field stars) coronal X-ray activity (Zuckerman & Song, 2004; Torres et al., 2008, and references
therein). If the populations of NYMGs resemble the population of field stars, then identified
membership of these nearby groups is significantly lacking in stars of spectral type later than K
(e.g., Gagné et al., 2017), likely due to a lack of sensitive X-ray measurements over large regions
of the sky (see Rodriguez et al., 2013). Fortunately, young stars also exhibit high levels of UV
emission from their chromospheres. Exploiting this fact, Rodriguez et al. (2013) developed a method
to identify candidate nearby (D < 100 pc), young (age < 100 Myr), late-type stars (K- and Mtype) based on their UV excesses and NYMG-like space motions, called the Galex Nearby Young
Star Survey (GALNYSS). Specifically, this method identified candidate stars by cross-correlating
the Galex (UV) All-sky Imaging Survey (AIS; Bianchi et al., 2014) source catalog with proper
motion catalogs and the all-sky infrared point source catalogs compiled from Two Micron All-sky
Survey (2MASS) and Wide-field Infrared Space Explorer (WISE) data (see Figure 5.1). The survey
identified >2000 candidates, with most of the stars having spectral types in the range M3–M5 (see
Figure 5.2). While analysis conducted in Rodriguez et al. (2011, 2013) suggests that a significant
fraction of the GALNYSS sample stars are young and nearby, the precise distances and ages of
most of the individual stars in GALNYSS, and thus their status as members of known NYMGs have
yet to be determined. Hence, Kastner et al. (2017, hereafter K17) presented a “proof of concept”
study using Gaia Data Release (DR1) Tycho Gaia Astrometric Solution (TGAS) data to verify
the young star status, and infer ages and space motions, for the small fraction (∼2.5%) of the
GALNYSS sample that is included in TGAS. Specifically, I created color-magnitude diagrams for
the sample of stars and overplotted pre-main sequence tracks and isochrones to determine isochronal
ages and verify that the stars in the sample were indeed young. Gaia DR1 consists of parallaxes
and proper motions for ∼2.5×106 stars (Lindegren et al., 2016).
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5.3
5.3.1

Methods and Results
The Gaia DR1/TGAS GALNYSS Subsample

K17 used the Vizier cross-match tool1 to cross-correlate the GALNYSS sample (2031 objects;
Rodriguez et al., 2013) with objects that had parallax (π) measurements in the Gaia DR1 TGAS
catalog. The cross-match produced 50 objects, but since K17 were only interested in stars that were
nearby, they further limited the sample by selecting objects with π ≥ 8 mas, which corresponded
to distances D ≤ 120 pc. This produced a subsample of 19 GALNYSS objects with data available
in the Gaia TGAS catalog (positions, parallaxes, proper motions, and G magnitudes); the sample
stars are listed in Table 5.1, which has been reproduced from K17.
Table 5.2, adopted from K17, lists stellar distances derived from the parallaxes available in
DR1, as well as G magnitudes and colors derived from GALEX, Gaia, 2MASS magnitudes, as
well as bolometric luminosities and X-ray luminosities for the sample. The majority of these stars
have log (LX /Lbol ) in the approximate range -4 < log (LX /Lbol ) < -3, which is expected for late-K
and early-M pre-main sequence stars (see e.g., Kastner et al., 2016, and references therein). K17
also analyzed optical/IR spectra for 13 of 19 stars in the sample, which were obtained as part
of a follow-up survey of GALYNSS stars (Rodriguez et al., 2013; Vican et al., 2016). Table 5.3,
adopted from K17, tabulates the telescopes, instruments, and observing dates for the observations,
as well as derived quantities, such as: radial velocities (RVs) and equivalent widths (EWs) for the
Hα emission and Li I λ6708 Å absorption lines. The measured RV and EW values were used to
calculate the space velocities (U V W ) and used to asses stellar age and NYMG membership for each
star, outlined in Table 5.4, also adopted from K17. The precise parallaxes in the TGAS catalog
produce improved Galactic positions (X, Y, Z) for the K17 sample, and the TGAS proper motions
provide the opportunity to recalculate the space motions (UVW) for the stars whose RVs have
been obtained2 , see Table 5.4.
Figures 5.3 and 5.4, adopted from K17, present color-magnitude diagrams (CMDs) for all stars
1
2

http://cdsxmatch.u-strasbg.fr/xmatch
See http://kinematics.bdnyc.org/.
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in the TGAS catalog that were detected by Galex using a 3” match radius to establish associations
between TGAS and Galex sources. In Figures 5.3 and 5.4), the K17 sample stars are positioned
slightly offset from main sequence late-type stars, which shows that the sample stars are more
luminous than their main sequence counterparts. Additionally, the NUV–G vs. J–W1 color-color
diagram (Figure 5.5, adopted from K17) shows that the K17 sample is more chromospherically
active (i.e., bluer) than stars of similar Tef f (as reflected in their J–W1 colors). Figures 5.4 and 5.5
hence show that the Galex vs. Gaia (NUV–G) color (like NUV–J; Rodriguez et al., 2013) serves as
an activity indicator for late-type stars. All of this analysis is consistent with the expected active
young (pre-MS or ZAMS) star status of the GALNYSS sample as a whole, and indicates that most
of the stars in the K17 sample are magnetically active, pre-main-sequence (pre-MS) or young MS
stars.

5.3.2

A Comparison of the GALNYSS Subsample with NYMG Members and
Pre-Main Sequence Isochrones

Figure 5.6 presents a color-magnitude diagram (CMD) of absolute KS versus G–KS , which has
been created from Gaia and 2MASS data for the sample of candidate nearby, young stars in K17.
This plot compares the optical/near-IR CMD positions of the K17 sample stars with the positions of
known members of four well-studied NYMGs: the TW Hya Association (TWA), the β Pic Moving
Group (β Pic), the Tucana-Horologium Association (Tuc Hor), and the AB Dor Assocation (AB
Dor). I compiled photometric (G band) and parallax data available in TGAS for known members
of these moving groups (using members listed in Torres et al., 2008, for the TWA, β Pic, Tuc Hor,
and AB Dor). Using Torres et al. (2008), I found 3 (TWA, see Table 5.5), 23 (β Pic, see Table 5.6),
33 (Tuc Hor, see Table 5.7), and 61 (AB Dor, see Table 5.8) members with data available in TGAS.
Pre-main sequence isochrones obtained from the models presented in Tognelli et al. (2011, top
panel of their Figure 4) and (Baraffe et al., 2015, bottom panel of their Figure 4) are overlaid on the
resulting KS versus G–KS CMD. At a spectral type of M0 (G–KS ≥ 2.9), the two isochrone models
become noticably different. It can be seen in Figure 5.6 that the TWA, β Pic, Tuc Hor, and AB Dor
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NYMGs present a sequence of generally increasing KS magnitude, which corresponds to a decreasing
Lbol , for a given G–KS color, which corresponds to a given Tef f . This observed pattern is consistent
with the ages of these NYMGs, ∼8, ∼23, ∼45, and ∼100–150 Myr, respectively (Donaldson et al.,
2016; Mamajek, 2016, and references therein). Thus, we can be confident that the K17 sample of
stars lie in the age range of these four NYMGs (∼10–100 Myr). This validation allowed us to use
the isochrones to determine ages of individual stars in the sample. Table 5.4 lists the isochronal
ages of individual stars inferred from their positions relative to the pre-main sequence isochrones
calculated from models in Tognelli et al. (2011) and Baraffe et al. (2015). K17 also estimated ages
by comparing the available measurements of the EW of the Li I λ6708 Å absorption line with
empirical trends of Li EW with spectral type (see Figure 8 in Murphy & Lawson, 2015) for the
sample stars that have Li EW measurements, which are also listed in Table 5.4; for the majority of
stars the isochronal (color-magnitude diagram) and Li EW-based ages are consistent. Additionally,
K17 used the isochronal and Li-based age estimates, in conjunction with Galactic space velocities
and positions, to evaluate the potential membership of individual stars in NYMGs (Torres et al.,
2008; Malo et al., 2014; Mamajek, 2016). Most of the stars in K17 sample whose ages are consistent
with members of known NYMGs are found far from known members of NYMGs in U V W and/or
XY Z space. The stars that have potential NYMG associations are noted Table 5.4 (see K17, for
more details).

5.4

Conclusions

K17 investigated a sample of candidate nearby, young stars from the Galex Nearby Young Star
Survey (GALNYSS; Rodriguez et al., 2013) using the Tycho Gaia Astrometric Solution (TGAS)
catalog in Gaia Data Release 1 (DR1) with the goal of confirming or refuting the young-star
status of these candidates. Parallax and proper motion data newly available in DR1 were used
to determine approximate ages and asses the potential membership of 19 candidate young stars
in Nearby, Young Moving Groups (NYMGs). The youth of these 19 stars is easily discernable
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from their relative positions, compared to main sequence stars and giant stars, in Gaia-based
color-magnitude and color-color diagrams produced for all Galex and WISE-detected stars with
parallax measurements available in TGAS in Gaia DR1 (Figures 5.3 and 5.4). A comparison of the
positions of the 19 stars in our sample with the positions of known members of four well-studied
NYMGs (the TW Hya Association, the β Pic Moving Group, the Tucana-Horologium Association,
the AB Dor Assocation) in a Galex/WISE color magnitude diagram (See Figure 5.6) indicates that
these stars are indeed young, which is expected for stars identified in the GALNYSS sample. The
ages of individual stars in the K17 sample were obtained by comparing their positions against the
positions of known members of NYMG and with pre-main sequence isochrones in a Gaia/2MASS
color-magnitude diagram (Figure 5.6), resulting in ages from ∼10 Myr to ∼100 Myr (See Table 5.4)
for the sample. To further test the validity of the isochronal age estimates, K17 compared the ages
with age estimates derived from the Li I EW measurement.
Many of the GALNYSS objects identified in the K17 study have not previously been categorized
as candidate young stars in the literature. Given that all 19 of the sample stars have Gaia-based
isochronal ages in the expected range of ∼10–100 Myr and that the majority of these are authentic
pre-main sequence stars indicates that the GALNYSS UV- and space-motion-based object selection
method developed by Rodriguez et al. (2011, 2013) is a successful way to identify nearby young
stars. These results suggest that hundreds of objects in the GALNYSS sample are actually nearby,
young stars, with many of these stars not being previously recognized as having ages <∼100 Myr.
This Gaia DR1-based NYMG color-magnitude analysis was the first of such comparative studies
published in the Gaia era, but it has become a powerful method to identify nearby, young stars.
These types of studies have the power to fill in the low-mass end of the mass functions of NYMGs,
since the presently known membership of these nearby young groups is lacking significantly in stars
of spectral types later than K (e.g., Gagné et al., 2017). Additionally, these stars, if confirmed
as young and nearby, would be particularly attractive targets for direct imaging searches for giant
exoplanets. Thus, the complete Gaia mission database will be a powerful tool to confirm or refute
the youth and proximity of NYMG candidate members, especially those in the GALNYSS sample,
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Figure 5.1: Field sources detected in GALEX and WISE/2MASS (grey) and members (or candidates) of nearby, young moving groups (red, blue). Ordinate is NUV-W1 color (NUV = GALEX
2267 Å, W1 = WISE 3.4 µm) and abscissa is J-W2 color (J = 2MASS 1.2 µm, W2 = WISE 4.6
µm). The box indicates the color selection criteria for GALNYSS. This figure was adopted from
Rodriguez et al. (2013).

and may dramatically expand the number of directly imaged giant exoplanets.
Table 5.1: Gaia TGAS Data for GALNYSS Stars with π ≥ 8 mas
Name
HIP 3556
HIP 11152
TYC 6022-1079-1
TYC 3824-657-1
TYC 3828-36-1c
TYC 4632-1171-1
HIP 59748d
TYC 8246-2900-1
TYC 8246-1527-1
TYC 3462-1056-1
TYC 3475-768-1
TYC 7313-1015-1
TYC 3529-1437-1
TYC 2627-594-1
TYC 5708-357-1
TYC 4448-2206-1
TYC 9114-1267-1
HIP 114252e
TYC 9129-1092-1

α

δ
(J2000)
00h45m28.3143s
−51d37m34.816s
02h23m26.7534s
+22d44m05.071s
09h03m33.6062s
−20d35m59.067s
11h01m19.1896s
+52d52m23.325s
11h15m53.7148s
+55d19m49.266s
11h35m34.1586s
+82d59m21.212s
12h15m08.4801s
+48d43m56.455s
13h06m50.2206s
−46d09m56.365s
13h06m54.3469s
−45d41m31.511s
13h29m32.0979s
+51d42m11.155s
14h18m42.3443s
+47d55m14.986s
15h18m20.4560s
−30d56m35.118s
18h17m25.0569s
+48d22m03.058s
18h21m50.4645s
+32d53m58.807s
19h15m34.8331s
−08d30m20.056s
19h23m23.2302s
+70d07m38.848s
21h21m28.9851s
−66d55m07.768s
23h08m19.6620s
−15d24m36.049s
23h35m18.8758s
−64d33m42.884s

Sp. typea
M1.5 (1)
M1 V (2)
K3 Ve (3)
K7b
M0.5 V (4)
K5b
M0.5 V (5)
K3 Ve (3)
K5 Ve (3)
K7 (6)
K7 (7)
K5 Ve (3)
M2 (6)
K6b
K5b
K6b
K7 V (3)
M0 Ve (3)
K6 V (3)

π
(mas)
24.57 (0.34)
36.86 (0.34)
21.96 (0.45)
15.69 (0.52)
35.03 (0.29)
14.02 (0.34)
43.81 (0.85)
10.50 (0.41)
9.11 (0.32)
10.56 (0.32)
12.71 (0.29)
14.15 (0.32)
50.28 (0.88)
14.09 (0.38)
14.98 (0.29)
8.94 (0.85)
31.14 (0.80)
39.85 (0.25)
18.43 (0.71)

µα
mas yr−1
99.05 (0.12)
98.51 (0.17)
-61.46 (1.49)
-106.75 (0.39)
-179.28 (0.37)
-59.99 (0.66)
-239.41 (0.07)
-40.43 (1.87)
-33.24 (1.52)
-8.87 (0.37)
-25.20 (0.44)
-40.46 (1.13)
-46.53 (2.97)
15.68 (1.20)
9.79 (2.18)
33.96 (3.32)
116.27 (1.18)
106.94 (0.19)
192.83 (1.94)

µδ
mas yr−1
-58.50 (0.13)
-112.54 (0.1)
-3.30 (1.33)
-21.53 (1.39)
-91.51 (0.49)
-25.53 (0.90)
-53.58 (0.08)
-18.86 (0.51)
-19.02 (0.39)
-15.58 (0.72)
6.02 (0.70)
-26.63 (0.47)
49.81 (3.28)
-5.06 (1.14)
-7.03 (1.91)
46.06 (2.05)
-90.87 (1.60)
-18.99 (0.13)
-31.07 (1.79)

a) References for spectral types: 1) Pecaut & Mamajek (2013); 2) Schlieder et al. (2012); 3) Torres et al. (2006); 4) Shkolnik et al. (2009); 5)
Lépine et al. (2013); 6) Riaz et al. (2006); 7) Stephenson (1986a)
b) Estimated spectral type based on G − KS , 2MASS, and WISE colors.
c) GJ 3653
d) BD +49 2126
e) HK Aqr
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Figure 5.2: The distribution of photometrically estimated spectral types for all 2,031 GALNYSS
candidates. The sample peaks sharply in the M3–M5 range – nearly 50% of the sample, which is
consistent with M dwarf studies of the solar neighborhood. This figure was adopted from Rodriguez
et al. (2013).

Table 5.2: GALNYSS Stars with Gaia π ≥ 8 mas: Colors, Distances and Luminosities
Name
HIP 3556
HIP 11152
TYC 6022-1079-1
TYC 3824-657-1
TYC 3828-36-1
TYC 4632-1171-1
HIP 59748
TYC 8246-2900-1
TYC 8246-1527-1
TYC 3462-1056-1
TYC 3475-768-1
TYC 7313-1015-1
TYC 3529-1437-1
TYC 2627-594-1
TYC 5708-357-1
TYC 4448-2206-1
TYC 9114-1267-1
HIP 114252
TYC 9129-1092-1

Sp. type
M1.5
M1
K3
K7
M0.5
K5
M0.5
K3
K5
K7
K7
K5
M2
K6
K5
K6
K7
M0
K6

G
(mag)
10.83
10.29
9.92
11.40
10.33
10.43
9.67
11.50
11.13
11.82
11.59
10.78
10.21
11.15
11.0
11.58
9.87
10.05
10.54

NUV − G
(mag)
9.12
7.43
6.89
8.51
7.32
7.08
9.21
7.02
7.82
7.13
7.91
7.60
8.48
8.66
7.38
8.05
9.17
7.60
8.34

G − KS
(mag)
3.20
2.95
2.50
3.04
3.07
2.23
2.90
2.67
2.62
2.80
2.80
2.19
3.26
2.83
2.55
2.67
2.86
2.94
2.67

J − W1
(mag)
0.97
0.92
0.80
0.98
0.93
1.09
0.92
0.96
0.84
0.99
0.94
0.87
0.94
0.96
0.82
0.92
0.93
0.87
0.87

D
(pc)
40.70 (0.56)
27.13 (0.25)
45.54 (0.93)
63.73 (2.11)
28.55 (0.24)
71.33 (1.73)
22.83 (0.44)
95.24 (3.72)
109.8 (3.9)
94.70 (2.87)
78.68 (1.80)
70.67 (1.60)
19.89 (0.35)
70.97 (1.91)
66.76 (1.29)
111.9 (10.6)
32.11 (0.82)
25.09 (0.16)
54.26 (2.09)

log Lbol
(L )
−0.85
−1.09
−0.68
−0.79
−1.06
−0.18
−1.09
−0.69
−0.46
−0.64
−0.86
−0.52
−1.32
−0.71
−0.89
−0.40
−0.86
−1.10
−0.69

log (LX /Lbol )
−3.55
−3.85
−2.52
...a
−3.37
−3.47
<−4.4
...a
−3.36
−3.31
...a
−3.60
−2.98
−3.92
−3.86
−3.88
...b
−2.78
−3.49c

NOTES:
a) TYC 3824-657-1, TYC 8246-2900-1, and TYC 3475-768-1 lie ∼40–5000 from the centroids of low-significance RASS sources.
b) Secondary of visual binary in which primary likely dominates RASS X-ray flux.
c) Estimated log (LX /Lbol ) assuming this (primary) star dominates RASS X-ray flux from visual binary.
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Table 5.3: Spectroscopic Observations of GALNYSS Stars with Gaia π ≥ 8 mas
Name

Telescope/Instrument

HIP 3556c
HIP 11152
TYC 3824-657-1
TYC 4632-1171-1
HIP 59748
TYC 8246-2900-1
TYC 3462-1056-1
TYC 3475-768-1
TYC
TYC
TYC
TYC

3529-1437-1
2627-594-1
5708-357-1
4448-2206-1

TYC 9114-1267-1

MPG/FEROS
MPG/FEROS
IRTF/SpeX
Lick/Kast
Keck/ESI
Keck/ESI
DuPont/BC832
Keck/ESI
Lick/Kast
Keck/ESI
Lick/Hamilton
Keck/ESI
Lick/Hamilton
Lick/Hamilton
Keck/ESI
DuPont/BC832

Date
(UT)
12 Dec. 2013
20 Dec. 2013
5 Nov. 2013
3 May 2013
6 March 2017
7 March 2017
21 June 2014
7 March 2017
3 May 2013
7 March 2017
25 Aug. 2012
6 March 2017
27 Aug. 2012
26 Aug. 2012
6 March 2017
21 June 2014

RV
km s−1
+17.1±0.7
−8.0±1.3
...
...
−17.9±1.5
−19.4±1.5
...
−13.7±2.2
...
+2.6±1.4
−25.5±1.8
+7.7±1.5
−27.0±2.9
+20±10
+20.3±1.4
...

EW(Hα)a
(Å)
...
−0.86±0.06
...
−0.4±0.3
−0.43
−0.50d
−1.41±0.18
−1.19
−0.6±0.3
−1.3
−2.26±0.35
−0.36d
−1.31±0.05
...
0.0
...

EW(Li)b
(mÅ)
<30
<30
...
<60
90
<40
80±20
<40
<90
<40
<65
<40
120±10
<50
<40
<60

NOTES:
a) Negative EWs indicate line in emission.
b) Equivalent width of Li i λ6708 Å line.
c) Double-lined spectroscopic binary; listed RV is for brighter component.
d) Self-reversed Hα emission, i.e., central absorption surrounded by emission; listed EW is integrated over emission
components only.
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M1.5
M1
K3
K7
M0.5
K5
M0.5
K3
K5
K7
K7
K5
M2
K6
K5
K6
K7
K6
K6

sp. type

D
(pc)
40.7
27.1
45.5
63.7
28.6
71.3
22.8
95.2
110
94.7
78.7
70.7
19.9
71.0
66.8
112
32.1
25.1
54.3

RVa
(km s−1 )
−1.6
+10.4
+20.4
...
−7.6
−17.9
−19.4
+17.3
+9.4
−13.7
+2.6
−21.7
−25.5
+7.7
−27.0
+20.3
+3.3
+2.7
+15.0
U, V, W
(km s−1 )
−11.2, −18.4, +5.7
−12.5, −13.1, −12.3
−15.7, −18.1, −4.3
...
−15.3, −21.6, −10.0
−8.9, −25.4, −9.1
−14.5, −22.2, −19.4
−4.3, −26.1, −2.1
−7.8, −19.8, −5.6
+3.0, −12.8, −8.9
−8.1, −3.6, +4.8
−25.1, −6.8, −7.7
−9.5, −23.8, −6.1
+4.3, +8.0, −2.6
−23.8, −13.4, 0.6
−32.6, +16.4, −1.4
−14.3, −14.4, −10.2
−9.3, −5.1, −7.8
−35.2, −32.4, −21.5

X, Y, Z
(pc)
9.7, −13.8, −37.0
−19.0, 11.3, −15.7
−16.5, −40.3, 13.4
−31.1, 15.2, 53.5
−13.2, 8.3, 23.9
−34.6, 48.2, 39.6
−6.6, 5.8, 21.1
53.3, −74.1, 27.2
61.3, −85.1, 32.3
−13.5, 38.6, 85.4
0.3, 35.5, 70.2
60.0, −26.0, 26.7
4.3, 17.5, 8.5
32.8, 58.0, 24.4
58.2, 31.0, −10.7
−20.6, 101.1, 43.3
20.8, −13.7, −20.3
6.7, 9.1, −22.4
24.6, −24.0, −42.0

EW(Li)b
(mÅ)
<30
...
120
<60
...
90
<40
80
470
<40
<40
230
<65
<40
120
<50
<60
...
...

Age, Lic
(Myr)
>30
...
30–100
>30
...
50–100
>30
>40
10–20
>30
>30
30–50
>20
>30
30–100
>30
>30
...
...

Age, CMDd
(Myr)
40–80f
80–100
35
20–30
40–60
25
80
20
10
25
35
80
40–100
20
40
15
40
80–100
30
Tuc-Horh

AB Dor?g

βPMG?g
TWAg or Sco-Cen?

AB Dor?g

Columba?g

Tuc-Hor

NYMGe

NOTES:
a) Radial velocities extracted from SIMBAD for stars not included in Table 5.3 as well as for double-lined binary HIP 3556.
b) Equivalent widths of Li i λ6708 Åline. Values obtained from GALNYSS spectroscopic survey (Table 5.3), except for TYC 6022-1079-1, TYC 8246-1527-1, and TYC 7313-1015-1, for
which values are from Torres et al. (2006).
c) Age range inferred from plots of EW(Li) versus spectral type presented in Murphy & Lawson (2015, their Figure 8).
d) Age (or age range) inferred from star’s position relative to theoretical pre-MS isochrones in Figure 3.8.
e) Star is a likely or potential member of this nearby young moving group.
f) Isochronal age assumes this system is an equal-components binary.
g) Age, U V W , and XY Z are suggestive of membership, but BANYAN II calculator (Gagné et al., 2014b) yields no probability of membership.
h) Based on likely Tuc-Hor membership status of companion (V390 Pav).

HIP 3556
HIP 11152
TYC 6022-1079-1
TYC 3824-657-1
TYC 3828-36-1
TYC 4632-1171-1
HIP 59748
TYC 8246-2900-1
TYC 8246-1527-1
TYC 3462-1056-1
TYC 3475-768-1
TYC 7313-1015-1
TYC 3529-1437-1
TYC 2627-594-1
TYC 5708-357-1
TYC 4448-2206-1
TYC 9114-1267-1
HIP 114252
TYC 9129-1092-1

Name

Table 5.4: GALNYSS Stars with Gaia π > 8 mas: Space Velocities, Galactic Positions, and Ages
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Table 5.5: Gaia TGAS and 2MASS Data for TW Hydra Members
Member
TWA
TWA
TWA
TWA

1
5A
5B
9A

Gaia Parallax
(mas)
16.8
20.69
20.69
13.21

Gaia Distance
(pc)
59.5
48.3
48.3
75.7

G
(mag)
10.291
10.257
10.257
10.478

KS
(mag)
7.297
6.745
6.745
7.848

Table 5.6: Gaia TGAS and 2MASS Data for β Pictoris Moving Group Members
Member
HD 203
HIP 10679
HD 14062
HD 15115
AG Tri
V1005 Ori
CD-57 1054
BD-21 1074A
AF Lep
AO Men
V343 Nor
V824 Ara
CD-54 7336
HD 164249
HD 168210
CD-31 16041
TYC6872-1011
HD 181327
HD 191089
AU Mic
CP-72 2713
WW PsA
BD-13 6424

Gaia Parallax
(mas)
25.19
25.47
25.2
20.76
24.34
40.65
36.93
50.66
37.36
25.61
27.11
32.76
14.41
19.84
12.63
20.12
12.77
20.57
19.63
102.12
27.37
48.17
36.02

Gaia Distance
(pc)
39.7
39.3
39.7
48.2
41.1
24.6
27.1
19.7
26.8
39.0
36.9
30.5
69.4
50.4
79.2
49.7
78.3
48.6
50.9
9.8
36.5
20.8
27.8

G
(mag)
6.069
7.581
6.869
6.669
9.590
9.192
9.219
9.414
6.141
9.19
7.581
6.395
9.249
6.885
8.538
10.348
10.941
6.904
7.044
7.712
9.712
10.547
9.684

KS
(mag)
5.24
6.262
5.787
5.822
7.080
6.261
6.244
6.117
4.926
6.814
5.852
4.702
7.364
5.913
7.053
7.462
8.018
5.910
6.076
4.529
6.894
6.932
6.569
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Figure 5.3: Color-magnitude diagram (CMD) of absolute G vs. J–W 1 for WISE- and Galexdetected objects in the Gaia TGAS catalog, plotted in the form of a density image (see color bar
for density to color mapping), with the positions of the 19 sample stars indicated as filled red
circles. In the top panel, the stellar main sequence (MS) appears as a well-defined locus of high
density extending diagonally down and to the right from G∼0 to G∼9; the horizontal and giant
branches are also apparent above the lower MS, extending diagonally upwards from J–W1∼0.5 to
J–W1∼1.5 at absolute G magnitudes < 4. The CMD in the bottom panel displays a zoomed-in
version of the CMD in the top panel that is centered on the lower MS. This figure was adopted
from Kastner et al. (2017).
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Figure 5.4: Color-magnitude diagram (CMD) of absolute G versus NUV–G for all Galex-detected
objects in the Gaia TGAS catalog, rendered as in Figure reffig:CMDabsGJW1, with the positions
of the 19 sample stars indicated as filled red circles. The loci of MS stars and giants are again
well-defined. The CMD in the bottom panel displays a zoomed-in version of the CMD in the top
panel that is centered on the lower MS. This figure was adopted from Kastner et al. (2017).

178

Chapter 5. Identifying Nearby, Young Stars with Gaia

Figure 5.5: Color-color diagram of NUV–G versus J–W1 for all WISE- and Galex-detected objects
in the Gaia TGAS catalog, rendered as in Figures 5.3 and 5.4, with the positions of the 19 sample
stars indicated as filled red circles. This figure was adopted from Kastner et al. (2017).

179

Chapter 5. Identifying Nearby, Young Stars with Gaia

Table 5.7: Gaia TGAS and 2MASS Data for the Tucana-Horologium Association
Member
HD 105
HD 987
HD 1466
CT Tuc
HD 3221
HD 8558
CC Phe
DK Cet
HD 13183
HD 13246
CD-60 416
epsi Hyi
CD-53 544
CD-58 553
CD-35 1167
CD-46 1064
CD-44 1173
HD 22213
HD 22705
BD-12 943
HD 29615
TYC8083-0455
HD 32195
BD-20 951
BD-19 1062
BD-09 1108
CD-30 2310
HD 202917
HIP 107345
HD 207575
TYC9344-0293
CD-86 147
DS Tuc

Gaia Parallax
(mas)
25.99
21.31
23.28
22.47
22.7
22.19
25.3
24.52
20.26
21.86
22.38
21.57
23.07
20.62
22.08
23.16
22.1
19.6
25.7
14.39
18.45
17.34
16.08
16.13
15.13
12.25
15.3
20.99
21.52
21.38
21.56
15.77
22.71

Gaia Distance
(pc)
38.5
46.9
43.0
44.5
44.1
45.1
39.5
40.8
49.4
45.7
44.7
46.4
43.3
48.5
45.3
43.2
45.2
51.0
38.9
69.5
54.2
57.7
62.2
62.0
66.1
81.6
65.4
47.6
46.5
46.8
46.4
63.4
44.0

G
(mag)
7.353
8.566
7.299
10.518
9.002
8.324
8.903
7.836
8.487
7.347
9.746
4.537
9.604
10.356
10.305
9.297
10.297
8.524
7.447
9.452
8.271
10.963
8.349
9.582
10.163
9.514
11.055
8.440
10.803
7.074
10.930
9.106
8.252

KS
(mag)
6.117
6.962
6.149
7.749
6.533
6.847
6.834
6.472
6.894
6.204
7.537
4.254
6.763
7.784
7.723
7.103
7.470
6.790
6.137
7.765
6.866
7.923
6.868
7.331
8.066
8.084
8.304
6.908
7.874
6.027
7.942
7.500
6.676
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Table 5.8: Gaia TGAS and 2MASS Data for the AB Dor Assocation Members
Member
PW And
HD 4277
HD 6569
BD-12 243
CD-46 644
HIP 12635
HD 17332B
HD 17332A
IS Eri
HIP 14809
V577 Per
HIP 17695
HD 24681
HD 25953
TYC5899-0026
CD-56 1032A
HD 31652
CD-40 1701
HD 32981
HD 35650
AB Dor
CD-34 2331
HIP 26369
UY Pic
WX Col
HIP 26401B
CP-19 878
TYC7605-1429
CD-26 2425
TZ Col
BD-13 1328
CD-34 2676
CD-35 2722
HD 45270
CD-61 1439
CD-57 1654
BD+20 1790
HD 59169
CD-84 80
HD 64982
HD 99827
HIP 81084
HD 152555
HD 317617
HD 176367
HD 178085
TYC0486-4943
HD 189285
BD-03 4778
HD 199058
TYC1090-0543
HD 201919
LO Peg
HD 207278
HD 217343
HD 217379
HIP 114066
HD 218860A
HIP 115162
HD 222575
HD 224228

Gaia Parallax
(mas)
35.43
19.88
21.83
28.46
12.1
19.96
29.88
29.88
26.09
19.71
27.55
59.27
18.1
17.55
63.4
90.34
10.81
18.22
12.07
57.4
73.23
11.63
38.9
40.86
12.54
12.54
14.15
8.27
13.41
10.49
22.35
11.72
45.16
41.97
45.33
6.85
36.12
9.35
14.45
12.18
10.74
32.25
22.08
17.57
15.43
16.98
13.95
14.02
14.95
11.88
14.57
26.91
41.31
11.95
31.65
31.24
41.56
21.31
19.43
15.32
45.47

Gaia Distance
(pc)
28.2
50.3
45.8
35.1
82.6
50.1
33.5
33.5
38.3
50.7
36.3
16.9
55.2
57.0
15.8
11.1
92.5
54.9
82.9
17.4
13.7
86.0
25.7
24.5
79.7
79.7
70.7
120.9
74.6
95.3
44.7
85.3
22.1
23.8
22.1
146.0
27.7
107.0
69.2
82.1
93.1
31.0
45.3
56.9
64.8
58.9
71.7
71.3
66.9
84.2
68.6
37.2
24.2
83.7
31.6
32.0
24.1
46.9
51.5
65.3
22.0

G
(mag)
8.421
7.581
9.135
8.176
11.006
9.849
7.139
7.139
8.242
8.283
7.899
10.324
8.730
7.675
10.264
9.735
9.884
10.224
8.874
8.434
6.592
11.399
9.188
7.500
9.424
9.424
10.198
11.583
10.523
8.847
10.204
9.917
10.069
6.321
9.148
10.349
9.369
9.849
9.620
8.799
7.521
10.394
7.636
9.983
8.329
8.130
10.704
9.254
9.732
8.408
11.133
10.087
8.783
9.418
7.284
9.422
10.04
8.558
8.705
9.203
7.862

KS
(mag)
6.387
6.361
7.340
6.549
8.614
7.762
5.636
5.517
6.701
6.968
6.368
6.933
7.253
6.582
6.891
6.338
8.352
8.050
7.743
5.921
4.686
9.122
6.607
5.811
7.663
7.865
8.116
9.120
8.468
7.517
7.769
8.195
7.046
5.045
6.500
8.931
6.879
7.928
7.906
7.586
6.492
7.547
6.363
7.669
7.151
6.881
8.656
7.841
7.921
6.965
8.823
7.583
6.382
7.979
5.943
6.267
6.977
7.032
7.224
7.624
5.907
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Figure 5.6: Absolute KS vs. G–KS color-magnitude diagram (CMD) for members of four wellestablished NYMGs (based on membership lists in Torres et al., 2008, where symbols for specific
NYMG members are as indicated in legend) and the stars we focused on (red squares). Dashed lines
in the top and bottom panels, respectively, are pre-main sequence isochrones obtained from models
presented in Tognelli et al. (2011) and Baraffe et al. (2015), with colors as indicated in legend. The
synthetic G magnitudes used in these isochrones were computed from the model atmosphere V and
I magnitudes using the Gaia pre-launch relations presented in Jordi et al. (2010). The spectral
type sequence indicated along the top of each frame is derived from the model atmosphere Tef f
values. This figure was adopted from Kastner et al. (2017).
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6
DISCUSSION

6.1
6.1.1

Summary and Conclusions
An Unbiased 1.3 mm Emission Line Survey of the Protoplanetary Disk
Orbiting LkCa 15

We have used the Institute de Radioastronomie Millimétrique (IRAM) 30 meter telescope and
the EMIR fast fourier transform spectrometers to conduct a comprehensive mm-wave emission line
survey of the protoplanetary disk orbiting the nearby, pre-main sequence star LkCa 15 over the
210–267 GHz (1.4–1.1 mm) range. We find that lines of

12 CO,

HCO+ , HCN,

13 CO,

CN, C2 H, CS,

H2 CO, and C18 O constitute the strongest molecular emission from the LkCa 15 disk in the spectral
region surveyed. The J = 5 → 4 transition of CS and the (J = 313 → 212 ) transition of H2 CO
are detected for the first time in the LkCa 15 disk. We have used simultaneous measurements of
CO and its isotopologues (i.e.,
of CO and

13 CO

13 CO

and C18 O) to estimate the optical depths of the transitions

observed, finding that

13 CO

emission is optically thin, and emission from

12 CO

is

highly optically thick. The survey also includes the first measurements of the full suite of hyperfine
transitions of CN N = 2 → 1 and C2 H N = 3 → 2. Modeling of the CN and C2 H hyperfine
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complexes indicates that the emission from both species is optically thick, suggesting either that
the emission from these molecules originates from either very cold (<10 K) regions of the disk, or
that the molecules reside in less dense upper atmosphere regions of the disk and are subthermally
excited. We also find that the column densities for CN and C2 H are comparable to those of
isotopologues of CO, implying that these molecules are very abundant in the disk.

6.1.2

Is The Young Star RZ Piscium Consuming its Own (Planetary) Offspring?

We have used XMM-Newton, in addition to high-resolution optical spectroscopy, to characterize
the properties of the infrared-excess, variable star RZ Psc to confirm its evolutionary status. The
XMM-Newton observations produced a detection of a bright X-ray point source that is coincident
with the centroids of optical and infrared emission at RZ Psc, with the log of the ratio of X-ray to
bolometric luminosity, log LX /Lbol , in the range −3.7 to −3.2. These results are consistent with
log LX /Lbol ratios typical of low-mass, pre-main sequence stars, and larger than that of all but
the most X-ray-active stars among giants (e.g., FK Com-type giants). Examination of the X-ray
sources in the RZ Psc field yields one candidate comoving (M dwarf) star, but the radial velocity
of this potential wide (2.30 separation) companion is inconsistent with that of RZ Psc.
High-resolution optical spectra obtained with the Hamilton Echelle on the Lick Shane 3 m
telescope and HIRES on the Keck I 10 m telescope indicate that RZ Psc has an effective temperature
and a surface gravity that are consistent with a pre-main sequence star. Sporatic radial velocity
variability may also be observed in RZ Psc; if confirmed, this would suggest that it may be a
spectroscopic binary system. We note that the potential radial velocity variability and bizarre Hα
emission-line profile variability observed for RZ Psc are both reminiscent of the 5-10 Myr old star
T Cha, which also exhibits deep absorption episodes, like RZ Psc, due to an inclined dusty disk
(Schisano et al., 2009).
The XMM-Newton and high-resolution optical spectroscopy results favor a young star status for
RZ Psc. Measurements of the Li EW indicate that RZ Psc is a ∼ 30-50 Myr old post-T Tauri star.
If the age of RZ Psc is indeed this advanced, the presence of significant, varying column densities of
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circumstellar gas and dust renders it extremely unusual among Sun-like pre-main sequence stars.
By analogy with objects such as KIC 8462852 (aka “Tabby’s Star”; Boyajian et al., 2016) and WD
1145+017 (e.g., Rappaport et al., 2016), it is possible that, in the RZ Psc system, we are seeing
evidence of a catastrophic event, for example, the destruction of a massive planet. Optical spectral
features indicative of activity and/or circumstellar material, such as core-reversal emission in the
Ca ii H, K, and infrared triplet lines and Hα emission, are present in our spectra over multiple
epochs, and provide evidence for the presence of a significant mass of circumstellar gas associated
with RZ Psc. The presence of a significant mass of circumstellar gas (as reflected in the broad Hα
emission-line profiles) might imply that the cannibalized planet was a hot Jupiter.
An H-R diagram analysis indicates a distance to RZ Psc of ∼170 pc if RZ Psc is a pre-main sequence star. Gaia should provide the parallax distance and space velocity measurements necessary
to nail down the evolutionary status of RZ Psc and to refine estimates of its age.

6.1.3

M Stars in the TW Hya Association

Thanks to their low luminosities and close-in habitable zones M stars represent the best targets
for the discovery and characterization of potentially habitable exoplanets, but low-mass pre-main
sequence stars are characterized by intense high energy radiation and a potentially habitable planet
is more directly exposed to radiation, threatening the habitability of these planets. To improve
our understanding of the potential effects of X-rays on planet formation in disks orbiting M stars,
we must characterize the X-ray emission properties of such stars at pre-MS ages >3 Myr, i.e., the
epoch during or just after giant planet building and just preceding terrestrial planet building. At
a mean distance of just ∼50 pc and age of ∼8 Myr, the TW Hya Association (TWA) is an ideal
target for this type of investigation. Hence, we have conducted a survey of very cool members of the
TWA with the Chandra X-ray Observatory during Cycle 18 to extend our preliminary study of the
potential connections between M star disks and X-rays to the extreme low-mass end of the stellar
initial mass function. These observations more than double the number of TWA members with
spectral types in the M4–M9/L0 range with sensitive X-ray observations, such that the early-M
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star and mid- to late-M star regimes are now equally represented. This extended survey supports
the conclusions found in the initial survey: there exists a trend of decreasing X-ray luminosity
relative to bolometric luminosity (LX /Lbol ) with decreasing effective temperature (Tef f ) for TWA
M stars. The earliest-type (M0–M2) stars appear overluminous in X-ray luminosity, while spectral
types M4 and later appear underluminous in X-rays, compared to very young pre-main sequence
stars of similar spectral type and luminosity. Additionally, the fraction of TWA stars that display
evidence for residual primordial disk material sharply increases in this same (mid-M) spectral
type regime. Thus, our data suggests that disk survival times may be longer for ultra-low-mass
stars and brown dwarfs than for higher-mass M stars. Additionally, we present an HR diagram
analysis overlaid with pre-main sequence evolutionary models. X-ray bright objects lie above the
hydrogen burning limit, while X-ray faint objects lie below the hydrogen burning limit, perhaps
predicting which objects in our sample will become stars and which objects will become brown
dwarfs. These types of observations will serve as a unique resource over the next decade to provide
key information about the X-ray radiation fields of M dwarfs to develop and constrain the present
generation of protoplanetary disk photoevaporation models, which can then be used to explore the
realistic effects of M dwarf X-rays on planet formation around the lowest-mass stars, including the
survival of atmospheres of terrestrial planets.

6.1.4

Identifying Nearby, Young Stars with Gaia

Kastner et al. (2017) investigated a sample of candidate nearby, young stars from the Galex
Nearby Young Star Survey (GALNYSS; Rodriguez et al., 2013) using the Tycho Gaia Astrometric
Solution (TGAS) catalog in Gaia Data Release 1 (DR1) with the goal of confirming or refuting the
young-star status of these candidates. Parallax and proper motion data newly available in DR1
were used to determine approximate ages and asses the potential membership of 19 candidate young
stars in Nearby, Young Moving Groups (NYMGs). The youth of these 19 stars is easily discernable
from their relative positions, compared to main sequence stars and giant stars, in Gaia-based colormagnitude and color-color diagrams produced for all Galex and WISE-detected stars with parallax
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measurements available in TGAS in Gaia DR1 (Figures 5.3 and 5.4). A comparison of the positions
of the 19 stars in our sample with the positions of known members of four well-studied NYMGs
(the TW Hya Association, the β Pic Moving Group, the Tucana-Horologium Association, the AB
Dor Assocation) in a Galex/WISE color magnitude diagram (See Figure 5.6) indicates that these
stars are indeed young, which is expected for stars identified in the GALNYSS sample. The ages
of individual stars in the Kastner et al. (2017) sample were obtained by comparing their positions
against the positions of known members of NYMG and with pre-main sequence isochrones in a
Gaia/2MASS color-magnitude diagram (Figure 5.6), resulting in ages from ∼10 Myr to ∼100 Myr
(See Table 5.4) for the sample. To further test the validity of the isochronal age estimates, Kastner
et al. (2017) compared the ages with age estimates derived from the Li I EW measurement.
Many of the GALNYSS objects identified in the Kastner et al. (2017) study have not previously
been categorized as candidate young stars in the literature. Given that all 19 of the sample stars
have Gaia-based isochronal ages in the expected range of ∼10–100 Myr and that the majority of
these are authentic pre-main sequence stars indicates that the GALNYSS UV- and space-motionbased object selection method developed by Rodriguez et al. (2011, 2013) is a successful way to
identify nearby young stars. These results suggest that hundreds of objects in the GALNYSS
sample are actually nearby, young stars, with many of these stars not being previously recognized
as having ages <∼100 Myr. This Gaia DR1-based NYMG color-magnitude analysis was the first
of such comparative studies published in the Gaia era, but it has become a powerful method to
identify nearby, young stars. These types of studies have the power to fill in the low-mass end
of the mass functions of NYMGs, since the presently known membership of these nearby young
groups is lacking significantly in stars of spectral types later than K (e.g., Gagné et al., 2017).
Additionally, these stars, if confirmed as young and nearby, would be particularly attractive targets
for direct imaging searches for giant exoplanets. Thus, the complete Gaia mission database will
be a powerful tool to confirm or refute the youth and proximity of NYMG candidate members,
especially those in the GALNYSS sample, and may dramatically expand the number of directly
imaged giant exoplanets.
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6.2
6.2.1

Future Work
RZ Psc

Further observations are warranted to understand the nature of this enigmatic star. Highresolution X-ray spectroscopy of RZ Psc would improve constraints on the abundances of RZ Psc’s
X-ray-emitting plasma, an optical and infrared spectroscopy campaign could uncover the potential
binary nature of the system, and submillimeter interferometric imaging and optical/IR coronographic adaptive optics imaging would establish whether there is cold, extended gas and dust
associated with the RZ Psc disk.
XMM-Newton Reflection Gratings Spectrometer (RGS) X-ray gratings spectroscopy observations of RZ Psc are crucial to distinguish between models that have been proposed to explain the
spectacularly unusual temporal and spectral characteristics of RZ Psc. In Punzi et al. (2018), we
present refined estimates of the age and distance of RZ Psc: we used our own and previous Li EW
measurements to estimate an age range of ∼30-50 Myr, from which pre-main sequence evolutionary
tracks then suggest D ∼ 170 pc. If the age of RZ Psc is indeed as advanced as ∼30-50 Myr, the
presence of significant, varying column densities of circumstellar gas and dust render it extremely
unusual among Sun-like pre-MS stars. By analogy with objects such as “Tabby’s Star” (Boyajian
et al., 2016) and WD 1145+017 (e.g., Rappaport et al., 2016), it is possible that, in the RZ Psc
system, we are seeing evidence of a catastrophic event — perhaps the destruction of a hot Jupiter.
We seek to determine if the accretion of a planet or substellar companion is partially or mainly
responsible for the X-ray emission from RZ Psc by placing firm constraints on the temperatures,
densities, and abundances of its X-ray emitting plasma.
XMM RGS spectroscopy will yield a rich set of diagnostic emission lines from which we can
characterize the physical conditions of the plasma, so as to understand the dominant physical
processes responsible for RZ Psc’s X-ray emission. In particular, RGS spectra will unambiguously
establish which emission lines are the dominant contributors to the broad ∼1 keV “bump” and
low-energy tail in the EPIC X-ray spectra of RZ Psc, and will thereby allow us to disentangle the
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X-ray emission features that originate from mass accretion from those that arise from stellar coronal
activity (see Figure 6.1). Specifically, both models and observations have established (e.g., Argiroffi
et al., 2017, and references therein) that accretion shocks generate high electron density (ne > 1011
cm−3 ) at relatively low electron temperature (Te ∼ a few MK). Thus, we will glean determinations
of both ne and Te from RGS X-ray line ratio diagnostics, following the methodology described in
Kastner et al. (2002), Brickhouse et al. (2010), and Argiroffi et al. (2017).
To understand the extreme dropouts in optical magnitude, it would be beneficial to have an
understanding of the nature of the material causing the obscuration. Therefore, it is necessary
to obtain images of the material (potential disk) orbiting RZ Psc in the optical/infrared and/or
submillimeter regime. Extreme adaptive optics near-infrared polarimetric imaging instruments
(e.g., SPHERE on the Very Large Telescope) would allow us to probe extremely close to the
central star to image light scattered off micron-sized (or smaller) dust grains (e.g., Garufi et al.,
2013; Rapson et al., 2015a,b; Thalmann et al., 2015). The Atacama Large Millimeter/Submillimeter
Array (ALMA) would allow us to obtain high resolution imaging of thermal emission from dust
(e.g., ALMA Partnership et al., 2015); a thermal infrared excess has been shown to exist for this
system (de Wit et al., 2013).

6.2.2

Nearby, Young Stars

Gaia and Nearby Young Moving Groups
Recently, there has been dramatic progress in our knowledge of the population of young (<100
Myr) stars that lie within ∼100 pc of the Sun (Zuckerman & Song, 2004; Torres et al., 2008; Kastner,
2016). These nearby, young stars, generally found in loose kinematic groups (deemed nearby young
moving groups – NYMG; for a recent review see Mamajek, 2016), and they provide unique tests
of pre-main sequence stellar evolution and the late stages of evolution of protoplanetary disks
(Kastner, 2016, , and references therein). Additionally, these stars represent the best targets for
direct imaging searches for massive, self-luminous exoplanets (e.g., Chauvin, 2016). Confirmation
or refutation of nearby, young star status will be made possible by the upcoming avalanche of
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unprecedented high-precision data (parallaxes and proper motions for ∼109 stars) from the Gaia
mission (Gaia Collaboration et al., 2016). The next few years, which coincide with the next few
releases of Gaia data (∼April 2018, 2020, 2022), will provide substantial improvements in our
knowledge of the local galaxy with the breadth of new information that will be freely available.
We can look at candidate young stars for NYMGs and the Galex Nearby Young Star Star Survey
(GALNYSS; a sample of ∼2000 UV-selected objects that are candidate nearby, young, late-type
stars, see Rodriguez et al., 2013) with the aim of confirming the young-star status of these stars,
ascertaining their approximate ages, and assessing membership in NYMGs.
The youth of these stars can be determined by their positions, relative to main-sequence stars
and giants, in color-magnitude and color-color diagrams constructed for all Galex- and WISEdetected stars (see Kastner et al., 2017, for a proof of concept study). Comparison of the positions
of these stars with the positions of known members of NYMGs in color-magnitude and color-color
diagrams will indicate if the ages of these stars lie in the same general range as these young stellar
groups. Pre-main sequence isochrones in a Gaia/2MASS color-magnitude diagram have the ability
to yield age estimates for individual candidate stars. These types of studies have the power to fill in
the low-mass end of the mass functions of NYMGs, since the presently known membership of these
nearby young groups is lacking significantly in stars of spectral types later than K (e.g., Gagné
et al., 2017). Additionally, these stars, if confirmed as young and nearby, would be particularly
attractive targets for direct imaging searches for giant exoplanets. Thus, the complete Gaia mission
database will be a powerful tool to confirm or refute the youth and proximity of NYMG candidate
members and may dramatically expand the number of directly imaged giant exoplanets.

Imaging Planets Around Nearby, Young Stars
Exoplanet detections have revolutionized astronomy, offering new insights into solar system
architecture and planet demographics. Direct imaging of exoplanets offers the opportunity to
study planet formation and disc-planet interactions directly. Giant protoplanets undergo a period
of high infrared and Hα luminosity during their accretion phase, thus direct imaging offers the
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best opportunity to study these self-luminous exoplanets as they cool from the heat of formation
(Marley et al., 2007; Fortney et al., 2008). Observations with adaptive optics systems (e.g., the
GPI Instrument at Gemini South, SPHERE Instrument at the Very Large Telescope, the Visible
AO camera or Clio AO camera at the Magellan Clay Telescope at Las Campanas Observatory,
Keck/NIRC2 vortex coronagraph) allow us to observe these actively accreting planets both in the
infrared and visible regime (see Figure 6.2).
In an upcoming paper (Chalifour et al. 2018, in prep.) we have identified 46 candidate young
stars within 50 pc using Galex and Gaia. These stars provide a good sample for a large campaign
to search for faint self-luminous planets with Clio on Magellan, since these planets should glow
brightly in the near-IR due to the heat of formation. At these distances, we can, in principle, image
planets as close to the host star as 5 AU. Massive planets are easily bright enough to be detected
by MagAO around these nearby, young M stars. Hence, young stars near Earth are great targets
for direct imaging of planets due to the resolving power of these adaptive optics systems.

6.2.3

Effects of Stellar Irradiation on Disk Evolution and Exoplanet Atmospheres

Low-mass, pre-MS stars are characterized by intense high-energy radiation (e.g., Preibisch &
Feigelson, 2005; Güdel et al., 2007), originating in pre-MS stellar magnetic and accretion activity
(e.g., Sacco et al., 2010; Stelzer et al., 2013). The X-ray affects of planets in the habitable zone
around M stars will be more important than for planets in the habitable zone of planets orbiting
solar-type stars (Cecchi-Pestellini et al., 2009) since M stars have habitable zones that are closer to
the central star and the ratios of X-ray to total luminosity of M stars are orders of magnitude higher
(10–100x) than those of the present day Sun (Poppenhaeger et al., 2010). Therefore, the high levels
of activity of M stars may constitute a potential hazard for habitability (France et al., 2013). Hence,
it is necessary to fully characterize the high-energy radiation fields incident on protoplanetary disks.
These types of observations will serve as a unique resource with which to inform and constrain the
present generation of state-of-the-art protoplanetary disk photoevaporation models, which can then
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be used to understand the conditions and timescales of planet formation around the lowest-mass
stars.
We can expand the LX /Lbol versus M subtype work (such as the work being completed for TWA)
to study all of the M stars in the β Pictoris Moving Group (β Pic) and the Tucana-Horologium
Moving Group (Tuc-Hor). This would then extend our study to older ages (∼20-40 Myr) to
explore how the observed trend may evolve over time. These types of observations can provide
key information about the X-ray radiation fields of M stars to constrain circumstellar disk and
exoplanet formation and evolution models. Thus, it will allow us to explore the realistic effects
of M star X-rays on the survival of atmospheres of their close-in terrestrial planets (e.g., Proxima
Centauri b).
Additionally, we can also make use of the UV spectrometer aboard Hubble (COS) to further our
understanding of the high-energy spectra of young stars. The M stars of TWA, β-Pic, and Tuc-Hor
can also be targeted by HST/COS to characterize the UV radiation fields of these stars to obtain
a complete census of their high-energy radiation fields. These types of observations will serve as a
unique resource with which to develop and constrain the present generation of protoplanetary disk
photoevaporation models, which can then be used to understand the conditions and timescales of
planet formation around the lowest-mass stars.

6.2.4

Establishing Accretion Signatures in the Lowest Mass Young Stars

Accretion of matter onto T Tauri stars is an important aspect of the star formation process,
and plays a fundamental role in shaping the structure and evolution of protoplanetary disks (e.g.,
Hartmann et al., 2016). This has a strong impact on the final architecture of the planetary systems
that may or may not form in the disk (Morbidelli & Raymond, 2016). Observations that can
establish the physical conditions and evolution of the gaseous component within circumstellar disks
(if they still exist) are essential if we are to understand the magnetospheric accretion processes that
determines a star’s mass, protoplanetary disk structure and evolution, and the processes involved
in planet formation. Thus it is mandatory to derive the basic physical parameters of these young
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stellar objects (YSOs), such as effective temperature (Tef f ), surface gravity (log g), mass and
projected rotational velocity (v sin i) since these quantities are closely related to the evolutionary
stage of the YSO and are also directly involved in the generation of stellar magnetic fields by the
dynamo processes. Magnetic fields play a key role in the infall of matter from the disk onto the
central star (Hartmann et al., 1994, 2016, and references therein) and are also responsible for the
strong activity observed from the photospheres to the chromospheres and coronae of YSOs and
late-type stars in general (e.g., Feigelson & Montmerle, 1999; Berdyugina, 2009, and references
therein).
Magnetospheric accretion (Uchida & Shibata, 1985; Koenigl, 1991; Shu et al., 1994) is the theory
that explains the accretion in Classical T Tauri stars (CTTSs). Material from the inner edge of the
disk is channelled through the stellar magnetospheric field lines and flows onto the star, thus there
are accretion columns and hot spots on the stellar surface. The accretion luminosity is released as
continuum and line emission, formed in the hot spots and/or in the accreting gas columns. The
intensity of the continuum emission, its wavelength dependence, the intensity and profiles of the
various emission lines can be used to derive quantitative information about the accretion process
itself (e.g., Hartmann et al., 2006). For example, the integrated continuum and line luminosity
(Lacc ) is proportional to the mass accretion rate (Ṁacc ), which can be computed once the ratio
of the stellar mass to radius is known. Measurements of Lacc require well-calibrated observations
of the continuum flux over a large range of wavelengths, as well as knowledge of the photospheric
and chromospheric spectrum of the star, which need to be subtracted from the observed flux to
isolate the accretion emission (Hartigan et al., 1995; Muzerolle et al., 2003; Hartigan et al., 1991;
Valenti et al., 1993; Calvet & Gullbring, 1998; Gullbring et al., 1998; Herczeg & Hillenbrand,
2008). An optical and infrared spectroscopic campaign of M stars in the TW Hydra Association
and other NYMGs should be undertaken to establish the accretion signatures and look for evidence
for gaseous disks around these stars. These types of observations can be used in conjunction with
X-ray observations of these stars to understand star-disk interaction and photoevaporation.
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Figure 6.1: Coronal model (top), accretion model (middle), and observation (bottom) of TW Hya.
This figure adopted from Brickhouse et al. (2010).
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Figure 6.2: Keck/NIRC2 L’ image of HR 8799 from 2012 data. HR 8799 bcde are all easily
identifiable. This figure was adopted from Currie et al. (2014).
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Figure 6.3: Log of the ratio of X-ray to bolometric luminosity for TWA M-type stars, plotted as
a function of spectral subclass. Magenta, red, and green symbols indicate ROSAT, XMM, and
Chandra observations, respectively. Filled and open circles represent stars with and without warm
circumstellar dust, i.e., with and without detectable mid-IR excesses; an “X” indicates the IR
excess status of the star is unknown. The solid line indicates the dependence of log(LX /Lbol ) on
spectral type, and dashed lines indicate the 1σ scatter in log(LX /Lbol ), as determined by Güdel
et al. (2007) for low-mass T Tauri stars and young brown dwarf candidates that were included in
the XMM-Newton extended survey of Taurus (XEST Güdel et al., 2007). This figure was adopted
from Kastner et al. (2016).

196

BIBLIOGRAPHY

Adams, F. C., Graves, G. J. M., & Laughlin, G. 2004, in Revista Mexicana de Astronomia y
Astrofisica Conference Series, Vol. 22, Revista Mexicana de Astronomia y Astrofisica Conference
Series, ed. G. Garcia-Segura, G. Tenorio-Tagle, J. Franco, & H. W. Yorke, 46–49
Aikawa, Y., & Herbst, E. 1999, A&A, 351, 233
Aikawa, Y., Momose, M., Thi, W.-F., van Zadelhoff, G.-J., Qi, C., Blake, G. A., & van Dishoeck,
E. F. 2003, PASJ, 55, 11
Akeson, R. L., et al. 2013, PASP, 125, 989
Alexander, R., Pascucci, I., Andrews, S., Armitage, P., & Cieza, L. 2014, Protostars and Planets
VI, 475
Alexander, R. D., Clarke, C. J., & Pringle, J. E. 2006a, MNRAS, 369, 216
—. 2006b, MNRAS, 369, 229
ALMA Partnership et al. 2015, ApJ, 808, L3
Alonso-Floriano, F. J., et al. 2015, A&A, 577, A128
Andrews, S. M., Rosenfeld, K. A., Wilner, D. J., & Bremer, M. 2011, ApJ, 742, L5
197

Bibliography
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A&A, 486, 951
H Patel, B., Percivalle, C., J Ritson, D., D Duffy, C., & D Sutherland, J. 2015, 7, 301
Hansen, B. M. S., & Murray, N. 2013, ApJ, 775, 53
Harman, C. E., Schwieterman, E. W., Schottelkotte, J. C., & Kasting, J. F. 2015, ApJ, 812, 137
Hartigan, P., Edwards, S., & Ghandour, L. 1995, ApJ, 452, 736
Hartigan, P., Kenyon, S. J., Hartmann, L., Strom, S. E., Edwards, S., Welty, A. D., & Stauffer, J.
1991, ApJ, 382, 617
Hartmann, L., Calvet, N., Gullbring, E., & D’Alessio, P. 1998, ApJ, 495, 385
Hartmann, L., D’Alessio, P., Calvet, N., & Muzerolle, J. 2006, ApJ, 648, 484
Hartmann, L., Herczeg, G., & Calvet, N. 2016, ARA&A, 54, 135
Hartmann, L., Hewett, R., & Calvet, N. 1994, ApJ, 426, 669
Hasegawa, T. I., Herbst, E., & Leung, C. M. 1992, ApJS, 82, 167
Hawley, S. L., Gizis, J. E., & Reid, I. N. 1996, AJ, 112, 2799
Hawley, S. L., Reid, I. N., Gizis, J. E., & Byrne, P. B. 1999, in Astronomical Society of the Pacific
Conference Series, Vol. 158, Solar and Stellar Activity: Similarities and Differences, ed. C. J.
Butler & J. G. Doyle, 63
Hayashi, C. 1981, Progress of Theoretical Physics Supplement, 70, 35
Henning, T., et al. 2010, ApJ, 714, 1511
207

Bibliography
Henry, T. J., Jao, W.-C., Subasavage, J. P., Beaulieu, T. D., Ianna, P. A., Costa, E., & Méndez,
R. A. 2006, AJ, 132, 2360
Herbig, G. H. 1960, ApJ, 131, 632
Herbst, W., Herbst, D. K., Grossman, E. J., & Weinstein, D. 1994, AJ, 108, 1906
Herczeg, G. J., & Hillenbrand, L. A. 2008, ApJ, 681, 594
—. 2015, ApJ, 808, 23
Hilton, E. J. 2011, PhD thesis, University of Washington
Hily-Blant, P., Magalhaes, V., Kastner, J., Faure, A., Forveille, T., & Qi, C. 2017, A&A, 603, L6
Hoffleit, D. 1943, Science, 97, 536
Hollenbach, D. J., Yorke, H. W., & Johnstone, D. 2000, Protostars and Planets IV, 401
Howard, A. W., et al. 2012, ApJS, 201, 15
Hu, R., & Seager, S. 2014, ApJ, 784, 63
Huenemoerder, D. P., Kastner, J. H., Testa, P., Schulz, N. S., & Weintraub, D. A. 2007, ApJ, 671,
592
Hueso, R., & Guillot, T. 2005, A&A, 442, 703
Irwin, J., Berta, Z. K., Burke, C. J., Charbonneau, D., Nutzman, P., West, A. A., & Falco, E. E.
2011, ApJ, 727, 56
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Schöier, F. L., Jørgensen, J. K., van Dishoeck, E. F., & Blake, G. A. 2002, A&A, 390, 1001
Scholz, A., Jayawardhana, R., Wood, K., Meeus, G., Stelzer, B., Walker, C., & O’Sullivan, M.
2007, ApJ, 660, 1517
218

Bibliography
Scholz, R.-D., McCaughrean, M. J., Zinnecker, H., & Lodieu, N. 2005, A&A, 430, L49
Scott, P. C., Asplund, M., Grevesse, N., & Sauval, A. J. 2006, A&A, 456, 675
Seager, S., Bains, W., & Hu, R. 2013a, ApJ, 775, 104
—. 2013b, ApJ, 777, 95
Seager, S., & Deming, D. 2010, ARA&A, 48, 631
Selsis, F., Kasting, J. F., Levrard, B., Paillet, J., Ribas, I., & Delfosse, X. 2007, A&A, 476, 1373
Semenov, D. 2010, ArXiv e-prints
Semenov, D., Wiebe, D., & Henning, T. 2004, A&A, 417, 93
Semenov, D., et al. 2010, A&A, 522, A42
Senanayake, S. D., & Idriss, H. 2006, Proceedings of the National Academy of Sciences, 103, 1194
Sheinis, A. I., Bolte, M., Epps, H. W., Kibrick, R. I., Miller, J. S., Radovan, M. V., Bigelow, B. C.,
& Sutin, B. M. 2002, PASP, 114, 851
Shevchenko, V. S., Vitrichenko, E. A., Grankin, K. N., Ibragimov, M. A., & Mel’Nikov, S. Y. 1993,
Astronomy Letters, 19, 125
Shields, A. L., Ballard, S., & Johnson, J. A. 2016, Phys. Rep., 663, 1
Shkolnik, E., Liu, M. C., & Reid, I. N. 2009, ApJ, 699, 649
Shkolnik, E. L., Liu, M. C., Reid, I. N., Dupuy, T., & Weinberger, A. J. 2011, ApJ, 727, 6
Shu, F., Najita, J., Ostriker, E., Wilkin, F., Ruden, S., & Lizano, S. 1994, ApJ, 429, 781
Siess, L., Dufour, E., & Forestini, M. 2000, A&A, 358, 593
Simon, M., Dutrey, A., & Guilloteau, S. 2000, ApJ, 545, 1034
219

Bibliography
Skatrud, D. D., de Lucia, F. C., Blake, G. A., & Sastry, K. V. L. N. 1983, Journal of Molecular
Spectroscopy, 99, 35
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Strüder, L., et al. 2001, A&A, 365, L18
Tarter, J. C., et al. 2007, Astrobiology, 7, 30
Teixeira, R., Ducourant, C., Chauvin, G., Krone-Martins, A., Bonnefoy, M., & Song, I. 2009, A&A,
503, 281
Teixeira, R., Ducourant, C., Chauvin, G., Krone-Martins, A. G. O., le Campion, J.-F., Song, I., &
Zuckerman, B. 2008, in IAU Symposium, Vol. 248, A Giant Step: from Milli- to Micro-arcsecond
Astrometry, ed. W. J. Jin, I. Platais, & M. A. C. Perryman, 508–509
Tevini, M. 1994, UV-B Effects on Terrestrial Plants and Aquatic Organisms, ed. H.-D. Behnke,
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